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INTRODUCTION 

The c o n t e n t s  o f  t h i s  r ev iew may be  c o n v e n i e n t l y  s e p a r a t e d  i n t o  two 
r a t h e r  d i s t i n c t  p a r t s .  On t h e  one  hand t h i s  r e v i e w  c o v e r s  o u r  c u r -  
r e n t  u n d e r s t a n d i n g  of  d e t o n a t i o n  a s  a u n i q u e  n a t u r a l  phenomena, 
w h i l e  o n  t h e  o t h e r  hand t h e  r ev iew . d i s c u s s e s  t h e  l i m i t a t i o n s  t h a t  
hydrodynamics p l a c e s  o n  t h e  u t i l i t y  of  t h e  shock  t u b e  as  a t o o l  f o r  
s t u d y i n g  h igh  t e m p e r a t u r e  r e a c t i o n  k i n e t i c s .  S p e c i f i c  r e a c t i o n  k i n e t i c  
s t u d i e s  a r e  no t  c o v e r e d  because  t h e y  a r e  so e x t e n s i v e  t h a t  it is d i f f i -  
c u l t  t o  do them j u s t i c e  i n  a s h o r t  r e v i e w .  The r e a d e r  is r e f e r r e d  t o  
r e c e n t  more e x t e n s i v e  r e v i e w s  f o r  t h i s  p ~ r p o s e l - ~ .  

DETONATION 

I .  T h e o r i e s  R e l a t i n g  t o  S t F u c t u r e  and S t a b i l i t y  

The Ze l ' dov ich6 ,  von Neumann7, Dor ings  (ZND) model of  a one -d imens iona l  
s t e a d y  d e t o n a t i o n  wave a s  a shock  d i s c o n t i n u i t y  f o l l o w e d  by a zone  of 
homogeneous c h e m i c a l  r e a c t  i o n  is p r o b a b l y  t h e  most u s e f u l  concep t  to 
e v o l v e  p r i o r  t o  t h e  mid 1 9 5 0 ' s .  Even though  t h i s  model must now be 
m o d i f i e d  t o  accommodate non-steady and  t h r e e - d i m e n s i o n a l  e f f e c t s ,  i ts  
i m p l i c a t i o n  t h a t  a n  e l emen t  of t h e  f l o w  may tie t r e a t e d  a s  c o n t a i n i n g  a n  
exo the rmic  c h e m i c a l  r e a c t i o n  t r i g g e r e d  by a s t r o n g  shock ,  which may i n  
i t s e l f  b e  hand led  a s  a d i s c o n t i n u i t y  i n  t h e  f l o w ,  r e p r e s e n t s  a u s e f u l  
t o o l  f o r  u n d e r s t a n d i n g  t h e  s t r u c t u r e  and non-s teady  b e h a v i o r  of de tona -  
t i o n  waves. 

. I  

The Chapman9-JouguetlO, (CJ), c o n c e p t  t h a t  a minimuin s t e a d y  one- 
d i m e n s i o n a l  mass f l o w  e x i s t s  f o r  any s p e c i f i c  e x o t h e r m i c  s y s t e m  under -  
g o i n g  r e a c t i v e  shock  t r a n s i t i o n  is a t  p r e s e n t  u s e f u l  o n l y  i n s o f a r  a s  i t  
a l l o w s  n r a t h e r  e x a c t  c a l c u l a t i o n  of t h e  v e l o c i t y  and  p r e s s u r e  i n  a 
d e t o n a t i o n  wave. U n f o r t u n a t e l y ,  a t  t h e  p r e s e n t  t i m e ,  t h i s  s u c c e s s  m u s t  
be c o n s i d e r e d  t o  be e i t h e r  f o r t u i t o u s  or a t  l e a s t  e m p i r i c a l  because  re- 
cent work h a s  shown t h a t  a one-dimensional  d e t o n a t i o n  t r a v e l i n g  a t  t h e  
C.J v e l o c i t y  is dynamica l ly  u n s t a b l e .  

The f i r s t  a t t e m p t  t u  l o o k  a t  t ime-dependent  s t a b i l i t y  i n  a d e t o n a t i o n  
w a v e  was mide by S h c h e l k i n l l  i n  1958 .  
a s  h i s  model.  I n  t h i s  model t h e  c h e m i c a l  r e a c t i o n  is c o n c e n t r a t e d  a t  
t h e  C J  p l a n e  and t h i s  p l a n e  i s  s e p a r a t e d  from t h e  shock  wave by a n  in -  
d u c t i o n  zone .  I n  h i s  model,  he  p e r t u r b e d  t h e  p o s i t i o n  of  t h e  C J  p l a n e  
w i t h  t i m e  and d i s c u s s e d  t h e  consequences  o f  t h i s  p e r t u r b a t i o n .  H e  found 
t h a t  t h e  d e t o n a t i o n  w i l l  tie u n s t a b l e  t o  t h i s  t y p e  of p e r t u r b a t i o n  i f  t h e  
i n d u c t i o n  zone  i . c a c t i o n s  have  a s u f f i c i e n t l y  l a r g e  a c t i v a t i o n  e n e r g y .  
T h i s  model is u n r e a l i s t i c  b e c a u s e  o n e  c a n n o t  t r u l y  c a u s e  t h e  C J  p l a n e  t o  
s u f f e r  a p e r t u r b a t  i on ,  s i n c e  it is n s t e a d y  c o n c e p t .  However, S h c h e l k i n  
was t h e  f i r s t  t o  d i s c u s s  t h e .  e f f c c t  of a t ime-dependent  p e r t u r b a t i o n  o n  
s t a b i l i t y .  

S i n c e  1963, t h e r e  have  been  .a number of papers12-19 whi.ch d i s c u s s  t h e  
s t a b i l i t y  of t h e  squa re '  wave d e t o n a t i o n .  However r e c e n t  work on  d e t o -  
nat ion s t a b i l i t y ,  u s i n g  models  'wh ich  a l l o w  f o r  an' e x t e n d e d  h e a t  r e l e a s e  

H e  u s e d  a s q u a r e  wave d e t o n a t i o n  



,. 
z o n e ,  show q u i t e  d e f i n i t e l y  t h a t  a l l  t h e  i n t e r e s t i n g  a m p l i f i c a t i o n  
mechanisms which l e a d  t o  i n s t a b i l i t y  o c c u r  i n  t h e  r e g i o n  o f  h e a t  
release.  T h e r e f o r e ,  t h e  s q u a r e  wave model a p p e a r s  t o  be u n s u i t a b l e  
f o r  d i s c u s s i n g  s t a b i l i t y .  

Two a p p r o a c h e s  have  been  u s e d  t o  i n v e s t i g a t e  t h e  s t a b i l i t y  o f  a ZND 
d e t o n a t i o n  wave w i t h  a n  e x t e n d e d  r e a c t i o n  zone .  Erpenbeck20m21 h a s  
examined s t a b i l i t y  by f o l l o w i n g  t h e  r e s p o n s e  of t h e  shock  d i s c o n t i n u -  
i t y  t o  a p u r e l y  t r a n s v e r s e  harmonic p e r t u r b a t i o n  i n  t h e  f low down- 
stream of t h e  shock  wave ( i . e . ,  i n  t h e  r e a c t i o n  z o n e ) .  H i s  a n a l y s i s  
is a p p l i c a b l e  t o  d i s t u r b a n c e s  of a r b i t r a r y  wave l e n g t h  b u t  r e q u i r e s  a 
model f o r  t h e  h e a t  re lease r e a c t i o n s  t h r o u g h o u t  t h e  e n t i r e  r e a c t i o n  
z o n e .  H e  has  n o t  f o r m a l l y  examined t h e  C J  d e t o n a t i o n  case, b u t  h a s  
a l w a y s  worked w i t h  d e t o n a t i o n s  t h a t  have  some a r b i t r a r y  o v e r d r i v e .  
H i s  a n a l y s i s ,  which is pe r fo rmed  i n  L a p l a c e  t r a n s f o r m  s p a c e ,  i s  v e r y  
complex and  he f i n d s  t h a t  s t a b i l i t y  i n  t h e  g e n e r a l  case c a n  be d i s -  
c u s s e d  o n l y  by r e s o r t i n g  t o  n u m e r i c a l  t e c h n i q u e s .  H i s  r e s u l t s  i n d i c a t e  
t h a t  t h e  o c c u r r e n c e  of i n s t a b i l i t y  is dependen t  on  t h e  f r e q u e n c y  of the  
d i s t u r b a n c e ,  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  f i r s t  o r d e r  h e a t  release 
r e a c t i o n  t h a t  he  h a s  u s e d  i n  h i s  model and  t h e  amount of t h e  o v e r d r i v e  
p r e s e n t  i n  t h e  d e t o n a t i o n .  
e x t e n d e d  h i s  a n a l y s i s  t o  t r a n s v e r s e  waves of h i g h  f r e q u e n c y .  I n  t h i s  
case,  he f i n d s  t h a t  there  are three  t y p e s  o f  s t a b i l i t y  regimes which  
may be p r e s e n t  i n  t h e  r e a c t i o n  zone  o f  t he  d e t o n a t i o n .  The t y p e  of 
regime tha t  is  p r e s e n t  is dependen t  on  t h e  l o c a l  v a l u e  o f  t h e  q u a n t i t y  
d(a2-u2)/dx where x is measured  from t h e  shock  and  a and  u a r e  t h e  
sound v e l o c i t y  and  f l o w  v e l o c i t y  a t  a p o i n t  i n  t h e  s t e a d y  f l o w  beh ind  
t h e  s h o c k .  H e  o b s e r v e d  t h a t  t h i s  q u a n t i t y  e i ther  i n c r e a s e s ,  goes  
t h r o u g h  a maximum, o r  d e c r e a s e s ,  i n  t h a t  o r d e r ,  as  one  p a s s e s  from t h e  
shock  wave t o  t h e  p l a n e  where h e a t  a d d i t i o n  is t e r m i n a t e d .  I f  t h e  
q u a n t i t y  s i m p l y  decreases i n  t h e  r e a c t i o n  zone  he f i n d s  t h a t  t h e  
d e t o n a t i o n  w i l l  be s t a b l e  t o  a h i g h  f r e q u e n c y  t r a n s v e r s e  wave. I f  
t h i s  q u a n t i t y  goes  t h r o u g h  a maximum o r  i f  i t  i n c r e a s e s ,  he  f i n d s  t h a t  
t h e  d e t o n a t i o n  behaves  u n s t a b l y  t o  a h i g h  f r e q u e n c y  t r a n s v e r s e  p e r t u r -  
b a t i o n .  I n  t h e  l i m i t  b e h a v i o r  which he  i n v e s t i g a t e d ,  t h e  u l t i m a t e  
s t a b i l i t y  is found  t o  be d e p e n d e n t  on t h e  a c t i v a t i o n  e n e r g y  of t h e  
f i r s t  o r d e r  chemica l  r e a c t i o n  which was assumed i n  t h e  a n a l y s i s .  
S p e c i f i c a l l y ,  s y s t e m s  w i t h  a s u f f i c i e n t l y  l o w  a c t i v a t i o n  e n e r g y  were 
found  t o  be s t a b l e .  

I n  a f o l l o w i n g  p a p e r ,  Erpenbeck22 h a s  

I n  t h e  o t h e r  a p p r o a c h  t o  t h e  s t a b i l i t y  problem,  S t r eh low-  and F e r n a n d e ~ ~ ~  
and  B a r t h e l  and  S t r e h l ~ w ~ ~  have  used  a r a y  t r a c i n g  t e c h n i q u e  t o  d i s c u s s  
t h e  b e h a v i o r  o f  a h i g h  f r e q u e n c y  c o h e r e n t  t r a n s v e r s e  a c o u s t i c  wave i n  
t h e  r e a c t i o n  zone  o f  a ZND d e t o n a t i o n .  They a l s o  f i n d  t h a t  t h e  q u a n t i t y  
d(a2-u2)/dx is  i m p o r t a n t  t o  t h e  b e h a v i o r  of t h e s e  c o h e r e n t  t r a n s v e r s e  
waves.  F o r  a t r a n s v e r s e  wave p r o p a g a t i n g  i n  a f l o w i n g  gas ,  t h e  d i r e c -  
t i o n  of  p r o p a g a t i o n  o f  t h e  e n e r g y  t r a p p e d  i n  t h e  a c o u s t i c  f r o n t  ( i . e . ,  
t h e  r a y  d i r e c t i o n )  is t h e  d i r e c t i o n  wh ich  is o f  i n t e r e s t .  They f i n d  
t h a t ,  i n  t h e  r e g i o n  where t h e  q u a n t i t y  d(a2-u2)/dx is d e c r e a s i n g ,  a n  
aconctic -:;zvc f r o n t  of aiiy o l i e n i a t i o n  ( e x c e p t  f o r  one  v e r y  s p e c i f i c  
o r i e n t a t i o n )  s u b s e q u e n t l y  p a s s e s  t h r o u g h  t h e  r e a c t i o n  zone  of  t h e  deto- 
n a t i o n  a t  most o n l y  twice (due  t o  r e f l e c t i o n  f rom t h e  s h o c k  f r o n t ) .  
However a wave f r o n t  of t h e  p r o p e r  o r i e n t a t i o n  was found  t o  a s y m p t o t i -  
c a l l y  a p p r o a c h  t h e  p l a n e  where  d(a2-u2)/dx h a s  a maximum v a l u e .  
t h e r m o r e ,  t h i s  r a y  was found  t o  s u b s e q u e n t l y  p r o p a g a t e  p a r a l l e l  t o  t h e  
s h o c k  f r o n t  f o r  a n  i n f i n i t e l y  l o n g  t i m e .  Thus ,  i f  t h e  d e t o n a t i o n  d i d  no t  
have  a p l a n e  where d(a2-u2)/dx w a s  maximum, t h e i r  t h e o r y  a l s o  p r e d i c t e d  
t h a t  t h e  d e t o n a t i o n  would be d y n a m i c a l l y  s t a b l e  t o  a t r a n s v e r s e  wave per- 
t u r b a t i o n .  They a l s o  n o t e d  t h a t  s i n c e  t h e  r a y  p r o p a g a t i n g  a t  t h e  p l a n e  
d(a2-u2)/dx = maximum is p r o p a g a t i n g  i n  a r e g i o n  where a t e m p e r a t u r e  and 

Fur-  
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d e n s i t y  s e n s i t i v e  e x o t h e r m i c  chemical react i o n  is o c c u r r i n g ,  i ts r a t e  
o f  a m p l i t u d e  growth is dependent  o n  t h e  d e t a i l s  o f  t h e  chemica l  
r e a c t i o n .  B r i e f l y ,  t h e y  came t o  t h e  c o n c l u s i o n  t h a t  any  exo the rmic  
r e a c t i o n  t h a t  h a s  b e e n  o b s e r v e d  i n  n a t u r e  would p r o d u c e  t r a n s v e r s e  wave 
a m p l i f i c a t i o n  u n d e r  t h e s e  c o n d i t i o n s .  

I n  t h e  r e g i o n  where t h e  q u a n t i t y  d(a2-u2)/dx is  i n c r e a s i n g  t h e y  found  
a n o t h e r  i n t e r e s t i n g  b e h a v i o r .  I n  t h i s  r e g i o n ,  wave f r o n t s  which have  a 
p a r t i c u l a r  r a n g e  of  i n i t i a l  o r i e n t a t i o n s  c o n v o l u t e  w i t h  t i m e  i n  s u c h  a 
manner t h a t  a n  e l emen t  of  t h e  wave f r o n t  p rGpaga te s  some d i s t a n c e  away 
from t h e  s h o c k  f r o n t ,  t h e n  t u r n s  a r o u n d  and  r e t u r n s  t o  t h e  f r o n t  t o  
r e f l e c t  and r e p e a t  t h e  p r o c e s s .  S i n c e  t h i s  b e h a v i o r  is o c c u r r i n g  i n  a 
r e g i o n  which c o n t a i n s  a t e m p e r a t u r e - s e n s i t i v e  e x o t h e r m i c  r e a c t i o n ,  it is 
a l s o  e x p e c t e d  t h a t  t h e  a m p l i t u d e  of  t h i s  wave f r o n t  w i l l  grow w i t h  t i m e .  
I n t e r e s t i n g l y  enough t h e y  found  t h a t  t h i s  wave f r o n t  e v e n t u a l l y  p r o d u c e s  
m u l t i p l e  s h o c k  c o n t a c t s  which a s y m p t o t i c a l l y  a p p r o a c h  a r e g u l a r  s p a c i n g  
and t h a t  t h i s  s p a c i n g  is dependent  o n  t h e  e x t e n t  and  t h e  d e t a i l e d  
s t r u c t u r e  o f .  t h e  r e a c t i o n  zone of  t h e  d e t o n a t i o n .  

R e l a t i v e  t o  t h e  problem o f  l o n g i t u d i n a l  i n s t a b i l i t y  i n  d e t o n a t i o n  waves, 
Erpenbeck21 h a s  pe r fo rmed  a n  a n a l y s i s  f o r  t r a n s v e r s e  waves w i t h  
a r b i t r a r i l y  l o n g  wave l e n g t h s  (which e f f e c t i v e l y  become a l o n g i t u d i n a l  
d i s t u r b a n c e  i n  t h e  f l o w ) .  H e  o n c e  a g a i n  found  v a l u e s  of  o v e r d r i v e  above  
which i n s t a b i l i t y  o c c u r s .  
pe r fo rmed  a one -d imens iona l  non-s teady  method of c h a r a c t e r i s t i c  a n a l y s i s  
o n  a p r o p a g a t i n g  o v e r d r i v e n  d e t o n a t i o n  p roduced  by a p i s t o n  mot ion .  
They c a r r i e d  t h e i r  a n a l y s i s  o u t  t o  v e r y  l o n g  t i m e s  and  o b s e r v e d  a c o n t i n -  
ued  l a r g e  o s c i l l a t i o n  i n  t h e  shock  v e l o c i t y  f o r  t h e  case t h a t  Ei.penbcck 
p r e d i c t e d  would be u n s t a b l e .  They a l s o  o b s e r v e d  no s u s t a i n e d  o s c i l . l a -  
t i o n s  f o r 2 g n e  o f  E rpenbeck ' s  s t a b l e  c a s e s .  
Erpenbeck h a s  been  a b l e  t o  p r e d i c t  t h e  magn i tude  of  t h e s e  l a r g e  s c a l e  
o s c i l l a t i o n s  b y  e x t e n d i n g  h i s  a n a l y s i s  t o  i n c l u d e  n o n l i n e a r  terms. 

From t h e  above  w e  see t h a t  one  s h o u l d  e x p e c t  hydrodynamic i n s t a b i l i t i e s  
i n  many of t h e  f l o w  s i t u a t i o n s  i n  which a shock  wave is c l o s e l y  f o l l o w e d  
by exo the rmic  c h e m i c a l  r e a c t i o n .  S p e c i f i c a l l y ,  t h e s e  r e s u l t s  show t h a t  
t h e  C J  p l a n e  is no t  i m p o r t a n t  t o  t h e  o c c u r r e n c e  of  f l o w  i n s t a b i l i t i e s  
and  t h e r e f o r e  t h a t  t h e  s e l f  s u s t e n a n c e  o f  d e t o n a t i o n  is n o t  a r equ i r emen t  
f o r  i n s t a b i l i t y .  I n  o t h e r  words, t h e  i n s t a b i l i t i e s  o b s e r v e d  o n  s e l f -  
s u s t a i n i n g  d e t o n a t i o n s  a re  q u i t e  c e r t a i n l y  a r e s t r i c t e d  example o f  a 
g c n e r a l  c l a s s  of  hydrodynamic i n s t a b i l i t i e s  which o c c u r  i n  f l o w s  con- 
t a i n i n g  a h e a t  r e l e a s e  z o n e  f o l l o w i n g  a s h o c k  t r a n s i t i o n .  

I n  a r e c e n t  p a p e r ,  F i c k e t t  and  Wood25 have  

I n  a f o l l o w i n g  pape r ,  

11. S t r u c t u r e  

A number of  i n v e s t i g a t o r s  have o b s e r v e d  t h a t  e s s e n t i a l l y  a l l  d e t o n a t i o n s  
p r o p a g a t e  w i t h  a complex non-steady f r o n t a l  s t r u c t u r e .  E a r l y  work i n  
t h i s  a r e a  was pcrforrned p r i m a r i l y  by R u s s i a n  i n  s i ga to l ;  and h a s  heen  
summarized i n  a number o f  recent R u s s i a n  t e x t s .  3'>'8,2g,d8 The p r imary  
f i n d i n g s  of t h e s e  and  s u b s e q u e n t  i n v e s t i g a t o r s  is  t h a t  t h e  main shock  
f r o n t  c o n s i s t s  o f  many s e c t i o n s  w h i c h . a r e  l o c a l l y  convex towards  t h e  up- 
s t r e a m  f low and t h e  i n ' t e r s e c t i o n  of  t h e s e  s e c t i o n s  a r e  t r a v e l i n g  a c r o s s  
t h e  . f r o n t  a s  waves ( s e e  f o r  example t h e  e a r l y  p h o t o g r a p h s  o b t a i n e d  by 
Whi t e31) .  Both t h e  o c c u r r e n c e  and s t r u c t u r e  of t h e s e  t r a n s v e r s e  waves 
a re  i n t i m a t e l y  c o n n e c t e d  t o  t h e  chen i i s t ry  of t h e  r e a c t i o n s  o c c u r r i n g  i n  
t h e  d e t o n a t i o n .  I n  t h e  f o l l o w i n g  s e c t i o n s  o u r  c u r r e n t  u n d e r s t a n d i n g  of 
t h e  n a t u r e  of t h i s  t r a n s v e r s . e  s t r u c t u r e  and  i ts  i n t e r a c t i o n  w i t h  t h e  
c h e m i s t r y  w i l l  .be, d i s c u s s e d .  



4. 
a .  The  Na tu re  of T r a n s v e r s e  Waves 

The t r a n s v e r s e  waves t h a t  p r o p a g a t e  a c r o s s  t h e  f r o n t  o f  a d e t o n a t i o n  
have  been  found t o  o c c u r  a t  t h e  f r o n t  a s  Mach stems or t r i p l e  shock  
i n t e r s e c t i o n s  of f i n i t e  a m p l i t ~ d e ~ ~ , 3 2 , 3 3 .  The s i n g l e  s p i n  de tona -  
t i o n  t h a t  o c c u r s  i n  a round  t u b e  is u n i q u e  because  it w a s  t h e  f i r s t  
non-one-dimensional  s t r u c t u r e  t o  be o b s e r v e d  and because  it is t h e  
o n l y  example o f  a t r a n s v e r s e  wave s t r u c t u r e  which is s t e a d y  i n  t h e  
p r o p e r  c o o r d i n a t e  s y s t e m .  ( I n  t h i s  c a s e ,  t h e  c o o r d i n a t e  s y s t e m  
which r e n d e r s  t h e  wave m o t i o n  s t e a d y  is o n e  which r o t a t e s  a t  t h e  s p i n  
f r e q u e n c y  w i t h  its a x i s  o f  r o t a t i o n  a l o n g  t h e  t u b e  a x i s . )  S p i n n i n g  
d e t o n a t i o n  c o n t a i n s  a v e r y  complex d o u b l e  Mach s t e m  p a t t e r n  which h a s  
been  d e s c r i b e d  by V o i t s e k h o v s k i i ,  Mi t ro f  anov and J g p ~ h i a n ~ ~  and 
v e r i f i e d  by t h e  c a r e f u l  work o f  Duff32 and S c h o t t  
o b s e r v e d  t r a n s v e r s e  s t r u c t u r e s ,  t h e r e  a r e  a lways  oppos ing  t r a n s v e r s e  
waves p r o p a g a t i n g  a c r o s s  t h e  f r o n t  s i m u l t a n e o u s l y  and the  s t r u c t u r e  
a t  t h e  f r o n t  is n e c e s s a r i l y  t w o  or t h r e e - d i m e n s i o n a l  non-s teady  . 
A t  t h e  p r e s e n t  t i m e ,  a l l  t h e  d e t a i l s  of t h i s  complex s t r u c t u r e  a r e  not 
u n d e r s t o o d .  However, a s  men t ioned  above ,  it is known t h a t  these 
t r a n s v e r s e  waves c o n s i s t  o f  Mach s t e m  i n t e r a c t i o n s  a t  the  f r o n t .  
These have  been o b s e r v e d  e x p e r i m e n t a l l y ,  b o t h  o n  p r o p a g a t i n g  de tona -  
t i 0 n s ~ ~ , 3 5 , 3 6  and a s  a n  a r t i f i c a l l y  produced  
the  “ l a m i n a r “  d e t o n a t i o n  which  White and CaryS7 f i r s t  p roduced  by 
expand ing  a n  o v e r d r i v e n  d e t o n a t i o n  t h r o u g h  a c y l i n d r i c a l  n o z z l e .  A 
s p a r k  i n t e r f e r o g r a m  o f  s u c h  a n  a r t i f i c a l l y  produced  Mach s t e m  and a n  
a n a l y s i s  of its t r i p l e  p o i n t  s t r u c t u r e  is shown i n  F i g u r e  1. T h i s  
s t r u c t u r e  was o b s e r v e d  by White  and and a n a l y z e d  by S t r e h l ~ w . ~ ~  
S t r e h l o w  found t h a t  e v e n  though  t h e  shock  t r i g g e r e d  a h i g h l y  exo the rmic  
r e a c t i o n  a few m i c r o s e c o n d s  a f t e r  it p a s s e s  a n  e l emen t  of t h e  g a s ,  t h e  
t r i p l e  p o i n t  s t r u c t u r e  is s t i l l  c o n t r o l l e d  by a n  u n r e a c t i v e - u n r e a c t i v e  
s l i p s t r e a m  b a l a n c e .  The o b s e r v a t i o n s  on  p r o p a g a t i n g  d e t o n a t i o n s  have 
no t  been  a n a l y z e d  as e x t e n s i v e l y  a t  t h e  p r e s e n t  t i m e .  The re  a r e  still 
s e r i o u s  q u e s t  i o n s  c o n c e r n i n g  t h e  d i s p o s i t i o n  of t h e  r e f l e c t e d  shock  
and  t h e  manner i n  which  it i n t e r a c t s  w i t h  t h e  r e a c t i o n  z o n e .  

The  t r i p l e  p o i n t s  p r o p a g a t i n g  o n  t h e  shock  f r o n t  of t h e  d e t o n a t i o n  
have  been  found t o  have  t h e  p r o p e r t y  t h a t  t h e y  w i l l  “ w r i t e ”  a i n e  on  
a smoked s u r f a c e .  T h i s  b e h a v i o r  was f i r s t  o b s e r v e d  by A n t o l i k J g  i n  
1875  and  w a s  u sed  by E.  Mach i n  c o n j u n c t i o n  w i t h  h i s  s t u d i e s  of s p a r k  
d i s c h a r g e s  and t h e  i n t e r a c - t i o n  o f  shock  waves produced  by b u l l e t s  
f i r e d  i n  t h e  l a b o r a t o r y .  The t e c h n i q u e  l a y  dormant f o r  o v e r  80 y e a r s  
u n t i l  i n  1958, Denisov  a n d  T r o s h i n 4 0  s t a r t e d  t o  u s e  i t  t o  s t u d y  
d e t o n a t i o n  s t r u c t u r e .  
t h a t  t h e  t r i p l e  p o i n t  is w r i t i n g  t h e  p a t t e r n  by d i r e c t  l a s e r  s c h l i e r e n  
pho tography  l o o k i n g  t h r o u g h  t h e  smoked f i l m .  

T h i s  p r o p e r t y  h a s  b e e n  v e r y  h e l p f u l  i n  t h e  s t u d y  of t r a n s v e r s e  wave 
phenomena i n  d e t o n a t i o n s .  To pe r fo rm a n  expe r imen t ,  o n e  s imply  
smokes a s u r f a c e  w i t h  e i rher  wood, acetyleiie, kc i les i~~e ,  o r  zny other 
a p p r o p r i a t e  smoke a n d  e x p o s e s  it t o  t h e  d e t o n a t i o n .  After e x p o s u r e  
t h e  f i l m  is “ f i x e d t t  w i t h  a c l e a r  l a c q u e r  s p r a y .  The q u a l i t y  is 
a l m o s t  a s  good a s  t h a t  o f  a p h o t o g r a p h i c  n e g a t i v e .  A f e w  examples  
of  smoke t r a c k  r e c o r d s  o b t a i n e d  w i t h  d e t o n a t i o n s  p r o p a g a t i n g  i n  a 
r e c t a n g u l a r  t u b e  a r e  shown i n  F i g u r e  2. 

I n  F i g u r e  3, t h e  r e s u l t s  of s t u d y i n g  a symmetr ic  i n t e r a c t i o n  u s i n g  
t h e  smoke t r a c k  t e c h n i q u e  a r e  summarized42.  
of s a n d  g r a i n s  were p l a c e d  o n  t h e  smoke p l a t e  b e f o r e  t h e  d e t o n a t i o n  

. I n  a l l  o t h e r  

e a c t i v e  Mach stem o n  

Oppenheim and U t r i e w 4 1  have  r e c e n t l y  v e r i f i e d  

I n  t h i s  c a s e ,  a number 



5. 

p a s s e d  o v e r ' t h e  p l a t e  and  e a c h  g r a i n  w r o t e  a wake p a t t e r n  w h o s e ' a x i s  
1s normal t o  t h e  l o c a l  o r i e n t a t i o n  o f  t h e  1 e a d i n g . s h o c k  wave of t h e  
d e t o n a t i o n .  , .The i n t e r s e c t i o n  geometry  i s  t h e r e f o r e  c o m p l e t e l y  
d e t e r m i n e d , a n d  one  may c a l c u l a t e  a l l  shock  and  f l o w  p r o p e r t i e s  i n  
t h e  ne ighborhood of  t h e  i n t e r s e c t i o n .  ' From t h i s  c a l c u l a t i o n  one  con-  
c l u d e s  t h a t  t h e  normal shock  v e l o c i t y  is d i s c o n t i n u o u s l y  i n c r e a s e d  by 
abou t  30 t o  40% a t  t h e  c e n t e r  l i n e  o f  t h e  i n t e r s e c t i o n  and  t h e r e f o r e  
t h a t  a l l  p o r t i o n s  o f  t h e  l e a d i n g  shock  are a t t e n u a t i n g  v e r y  r a p i d l y  
i n  t h e  d e t o n a t i o n .  T h i s  is v e r y  d i s t u r b i n g ,  b e c a u s e ' e v e n  though t h e  
shock  is l o c a l l y  p r o p a g a t i n g  a t  a v e l o c i t y  which v a r i e s ' f r o m  10 t o  
20% below C J  t o  1 0  t o  20% above  CJ ,  t h e  d e t o n a t i o n  a s  a whole i s  s t i l l  
o b s e r v e d  t o  p r o p a g a t e  a t  v e r y  close t o  t h e  C J  v e l o c i t y .  The mechanism 
which makes t h i s  p o s s i b l e  is no t  u n d e r s t o o d  a t  t h e  p r e s e n t  t i m e .  

b .  A c o u s t i c  Coup l ing  and  L i m i t s  

The t r a n s v e r s e  waves o n  t h e  d e t o n a t i o n  f r o n t  e x h i b i t  a d e g r e e  of 
r e g u l a r i t y  which is dependen t  o n  t h e  geometry  o f  t h e  d e t o n a t i o n  t u b e  
and  o n  t h e  c h e m i c a l  sys t em which is s u p p o r t i n g  t h e  d e t o n a t i o n .  The 
e f f e c t  o f  d e t o n a t i o n  t u b e  geometry  is p r i m a r i l y  c a u s e d  by t h e  f a c t  
t h a t  t h e  h i g h  p r e s s u r e  r e g i o n s  p r o p a g a t i n g  across t h e  f r o n t  (immedi- 
a t e l y  beh ind  t h e  Mach stem) p roduce  t r a n s v e r s e  p r e s s u r e  waves i n  t h e  
g a s  column f o l l o w i n g  t h e  f r o n t  and  t h a t  these t r a n s v e r s e  waves have 
a t endency  t o  c o u p l e  w i t h  r e s o n a n t  t r a n s v e r s e  modes of  t h e  g a s  column 
downstream o f  t h e  f r o n t .  M a n ~ o n ~ ~  and  Fay44 p r e d i c t e d  t h i s  b e h a v i o r  
f o r  n e a r  l i m i t  d e t o n a t i o n s  a p p r o x i m a t e l y  1 5  t o  20 y e a r s  a g o .  It  now 
a p p e a r s ,  however, t h a t  t h i s  c o u p l i n g  is i n c i d e n t a l  t o  t h e  o c c u r r e n c e  
o f  t r a n s v e r s e  waves o n  t h e  f r o n t .  
have  o b s e r v e d  t r a n s v e r s e  s t r u c t u r e  o n  a' s p h e r i c a l  d e t o n a t i o n .  
However, t h e  o c c u r r e n c e  of  t r a n s v e r s e  waves o n  t h e  f r o n t  is n o t  i n -  
c i d e n t a l  t o  t h e  s e l f - s u s t e n a n c e  o f  t h e  d e t o n a t i o n  wave. I t  h a s  been  
n o t e d  r e p e a t e d l y  i n  t h e  l i t e r a t u r e  t h a t  a s  t h e  i n i t i a l  p r e s s u r e  is 

Flowered o r  a s  t h e  d e t o n a b l e  m i x t u r e  is d i l u t e d  w i t h  a n  i n e r t  g a s ,  
t h e  c h a r a c t e r i s t i c  s p a c i n g  of t h e  s t r u c t u r e  g e t s  l a rge r .  I t  a l s o  h a s  
been  o b s e r v e d  t h a t  t h e  l a s t  t r a n s v e r s e  f r o n t a l  s t r u c t u r e  t h a t  o c c u r s  
i n  any  s p e c i f i c  t u b e  c o r r e s p o n d s  t o  t h e  lowest t r a n s v e r s e  a c o u s t i c  
mode of t h e  h o t  gas  column f o l l o w i n g  t h e  f r o n t  i n  t h a t  t u b e .  I n  t h e  
case of round t u b e s ,  t h i s  mode is t h e  s i n g l e  s p i n  mode. I t  is  a l s o  
now q u i t e  c e r t a i n ,  t h a t  d e t o n a t i o n s  p r o p a g a t i n g  j u s t  i n s i d e  t h e s e  
l i m i t s  p r o p a g a t e  a t  a n  a v e r a g e  v e l o c i t y  lower t h a n  the  C J  v e l o c i t y .  
T h i s  is e v i d e n t l y  c a u s e d  b e c a u s e  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  chemica l  
e n e r g y  r e l e a s e d  i n  t h e  r e a c t i o n  zone  res ides  i n  t r a n s v e r s e  wave ene rgy  
f o r  a n  a p p r e c i a b l e  l e n g t h  of  t i m e  i n  t h e s e  l i m i t  d e t o n a t i o n s .  

I n  c e r t a i n  c h e m i c a l  s y s t e m s ,  t h e  t u b e  geometry  .has  a v e r y  marked e f f e c t  
o n  t h e  r e g u l a r i t y  o f  t h e  w r i t i n g  p a t t e r n .  F i g u r e  4 i l l u s t r a t e s  t h a t  
e x t r e m e l y  r e g u l a r  p a t t e r n s  c a n  b e  o b s e r v e d  i n  r e c t a n g u l a r  and  p l a n a r  
( v e r y  'narrow r e c t a n g u l a r )  g e o m e t r i e s .  I n c i d e n t a l l y ,  t h e  p l a n a r  mode 
o c c u r s  when t h e  p r e f e r r e d  t r a n s v e r s e  s p a c i n g  o f  t h e  d e t o n a t i o n  is a t  
l e a s t  f i v e  t imes , . t h , e  w i d t h  o f  a nar,row c h a n n e l .  I t  is t h e  s i m p l e s t  
s e l f - s u s t a i n i n g  d , e t o n a t i o n  mode whlch may be  s t u d i e d ,  s i n c e  i t  is 
two-dimensional  non-s teady  . 1.n: o t , he r  c h e m i c a l '  s y s t e m s  however, it 
h a s  been  o b s e r v e d  t h a t  t h e  r e g u l a r i t y  o f  t h e  t r a n s v e r s e  s t r u c t u r e  
is poor  i n  a l l  t u b e  g e o m e t r i e s .  T y p i c a l . s m o k e  t ' r a c k  r e c o r d s  a r e  shown 
i n  Figure 2 and  r e s u 1 , t s  f o r  a number of f u e l L o x i d i z e r  'mix t .ures  a r e  
summarized i n  T a b l e  1. The r e a s o n '  f o r  t h i s . b e h a v i o r  h a s  not  been  d i s -  
c o v e r e d  a t  t h e  p r e s e n t  t i m e , .  I t  is, however, q u i t e  o b v i o u s l y  r e l a t e d  
t o  t h e  c h e m i s t r y  o f  t h e  s y s t e m  which is d e t o n a t i n g .  

F o r  example,  Duff and F i n g e r 4 5  
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c .  S p a c i n g  of T r a n s v e r s e  Waves and Chemis t ry  

I n  s y s t e m s  which show a r e a s o n a b l y  r e g u l a r  w r i t i n g  p a t t e r n  i n  rectan- 
g u l a r  t u b e s ,  i t  h a s  been o b s e r v e d  t h a t  t h e  c h a r a c t e r i s t i c  s ize  of 
p a t t e r n  is d i c t a t e d  by t h e  i n i t i a l  p r e s s u r e  l e v e l  and  t h e  d i l u t i o n  . 
The t r a n s v e r s e  wave s p a c i n g  of  r e g u l a r  smoke t r a c k  p a t t e r n s  is u s u a l l y  
d e f i n e d  a s  t h e  a v e r a g e  d i s t a n c e  between two s u c c e s s i v e  waves p ropaga t -  
i n g  i n  t h e  same d i r e c t i o n  measured  a l o n g  a l i n e  p a r a l l e l  t o  t h e  
a v e r a g e  o r i e n t a t i o n  o f  t h e  l e a d i n g  shock  wave, i . e . ,  a l o n g  t h e  
d i a m e t e r  o f  t h e  t u b e .  

i!P 

The most  e x t e n s i v e  d a t a  o n  s p a c i n g  has  been t a k e n  i n  t h e  hydrogen- 
oxygen sys t em c o n t a i n i n g  a r g o n  a s  a n  i n e r t  d i l u e n t .  T h i s  d a t a  is 
summarized and compared w i t h  t h e  a c o u s t i c  p r e d i c t i o n s  f o r  t h e  s p a c i n g  
and  w i t h  a v e r a g e  i n d u c t i o n  zone  and r ecombina t ion  zone  l e n g t h s  i n  
F i g u r e  5. Here t h e  r e c o m b i n a t i o n  zone  l e n g t h  has  been  approx ima ted  
b y  n o r m a l i z i n g  t h e  r e c i p r o c a l  o f  t h e  maximum rate of  r e c o m b i n a t i o n  
and  u s i n g  t h e  flow v e l o c i t y  a t  t h e  s ta r t  of  r e c o m b i n a t i o n .  We n o t i c e  
f rom t h i s  f i g u r e  t h a t  t h e  s p a c i n g  is a lways  l a r g e r  t h a n  t h e  sum o f  
t h e  i n d u c t i o n  p l u s  r e c o m b i n a t i o n  zone  l e n g t h s  i n  t h i s  s y s t e m  and 
t h e r e f o r e  t h a t  e a c h  e l e m e n t  o f  t h e  d e t o n a t a b l e  m i x t u r e  is n e v e r  t r a -  
v e r s e d  by more t h a n  o n e  t r a n s v e r s e  wave o f  t h e  same f a m i l y  b e f o r e  i t  
c o m p l e t e s  i ts  r e a c t i o n .  W e  a l s o  n o t e  f rom F i g u r e  5 t h a t  t h e  s p a c i n g  
p r e d i c t e d  from t h e  a c o u s t i c  t h e o r y  i s  c o n s i d e r a b l y  less t h a n  any o f  
t h e  r e a c t i o n  l e n g t h s  or t h a n  t h e  s p a c i n g  of  t h e  t r a n s v e r s e  wave a t  
t h e  f r o n t  of  t h e  d e t o n a t i o n .  Thus i t  a p p e a r s  t h a t  t h e  a c o u s t i c  
t h e o r y  c a n n o t  be u s e d  t o  p r e d i c t  t h e  s p a c i n g  of t h e  f i n i t e  a m p l i t u d e  
t r a n s v e r s e  w a v e s  t h a t  are o b s e r v e d  o n  p r o p a g a t i n g  d e t o n a t i o n s .  T h i s  
is  n o t  s u r p r i s i n g ,  however ,  s i n c e  t h e  i n t e r a c t i o n  o f  oppos ing  waves 
a p p e a r s  t o  be  t h e  r e g u l a t i n g  mechanism i n  a p r o p a g a t i n g  d e t ~ n a t i o n ~ ~ .  
However, i t  i s  i n t e r e s t i n g  t h a t  t h e  s p a c i n g s  which  a re  measured  and  
t h e  s p a c i n g s  which a r e  c a l c u l a t e d  u s i n g  t h e  a c o u s t i c  t h e o r y  are 
r o u g h l y  p r o p o r t i o n a l  t o  e a c h  o t h e r .  

d .  Spontaneous  Growth o f  T r a n s v e r s e  Waves 

The a c o u s t i c  t h e o r y  of S t r e h l o w  and Fernandesa3  p r e d i c t s  t h a t  c o h e r e n t  
t r a n s v e r s e  w a v e s  s h o u l d  grow i n  a m p l i t u d e  a s  t h e y  p r o p a g a t e  t h r o u  h 
t h e  r e a c t i o n  zone  o f  t h e  d e t o n a t i o n  and t h e  B a r t h e l  and  S t r eh lowag  
t h e o r y  p r e d i c t s  t h a t  a s i n g l e  a c o u s t i c  f r o n t  s h o u l d  c o n v o l u t e  t o  pro-  
duce  a number of  e v e n l y  s p a c e d  shock  c o n t a c t s  a f t e r  some t i m e .  T h i s  
c o n t e n t i o n  has  been v e r i f i e d  e x p e r i m e n t a l l y  f o r  a t  least one  case, 
d u r i n g  t h e  homogeneous i n i t i a t i o n  of d e t o n a t i o n  b e h i n d  a r e f l e c t e d  
shock  wave i n  a hydrogen-oxygen-argon m i x t u r e .  F i g u r e  6 c o n t a i n s  a n  
( x , t )  i n i t i a t i o n  p h o t o g r a p h  a n d  a smoke t r a c k  r e c o r d  o b t a i n e d  
s i m u l t a n e o u s l y  on a s ide  w a l l  o f  t h e  t u b e .  I t  is i n t e r e s t i n g  t o  n o t e  
t h a t  d u r i n g  t h i s  n i c e l y  one -d imens iona l  i n i t i a t i o n  e x p e r i m e n t ,  v e r y  
weak t r a n s v e r s e  waves a p p e a r  on t h e  f r o n t  and t h e n  grow i n  a m p l i t u d e  
( a s  i n d i c a t e d  b y  a n  i n c r e a s e  i n  t h e  r e f r a c t i o n  of  o p p o s i n g  waves a t  
t h e i r  i n t e r s e c t i o n ) .  I n  a r e c e n t  p a p e r ,  S t r e h l o w ,  Liaugminas ,  Watson 
and  E ~ m a n ~ ~  have shown t h a t  t h e  a p p e a r a n c e  l o c a t i o n  o n  t h e  smoke 
t r a c k  r e c o r d s  may be u s e d  t o  p r e d i c t  a r e a s o n a b l y  c o n s t a n t  e x p o n e n t i a l  
c o e f f i c i e n t  f o r  t h e  l i n e a r  t h e o r y  of a c o u s t i c  g rowth .  From t h e s e  
e x p e r i m e n t a l  r e s u l t s  w e  may deduce  t h a t  t h e r e  is  l i t t l e  doub t  b u t  t h a t  
t h e  a c o u s t i c  t h e o r y  of  a m p l i t u d e  growth  o f f e r s  a v i a b l e  mechanism for 
t h e  a p p e a r a n c e  of t h e  f i n i t e  a m p l i t u d e  t r a n s v e r s e  waves t h a t  o c c u r  On 
p r o p a g a t i n g  d e t o n a t i o n s .  



7. 
111. I n i t i a t i o n  and  F a i l u r e  

a .  Flame .to D e t o n a t i o n  I n i t i a t i o n  

T h i s  s u b j e c t  h a s  been  s t u d i e d  e x t e n s i v e l y  i n  t u b e s  o f  v a r y i n g  geometry  
and  i n  many chemica l  s y s t e m s .  By f a r  t h e  m o s t  q u a n t i t a t i v e  s t u d y  of 
t h e  s u b j e c t  h a s  been  per formed b y  Oppenheim, U r t i e w  a n d  c o - ~ o r k e r s ~ ~ - ~ ~  
a t  Berke ley .  The phenomena is complex  and  t h e  p r o c e s s  of flame 
a c c e l e r a t i o n  ( e v e n t u a l l y  l e a d i n g  t o  d e t o n a t i o n )  is  v e r y  dependen t  on  
t h e  c o n d i t i o n  o f  t h e  t u b e  wal l s  and  t h e  p r e s e n c e  o f  obs t ac l e s  i n  t h e  
f l o w .  

I n  g e n e r a l  t h e  p r o c e s s  d e v e l o p s  i n  t h e  f o l l o w i n g  manner.  A flame, 
g e n e r a t e d  a t  t h e  c l o s e d  end  o f  t u b e  p r o d u c e s  a compress ion  wave i n  t h e  
gas  which  s t e e p e n s  i n t o  a shock  wave some d i s t a n c e  f rom t h e  end  o f  
t h e  t u b e .  T h i s  f l o w  d e v e l o p s  a boundary  l a y e r  which  becomes t u r b u l e n t  
and  c a u s e s  t h e  f l ame  to  accelerate.  The a c c e l e r a t i o n  of t h e  flame 
t h e n  s u b s e q u e n t l y  r e i n f o r c e s  t h e  o r i g i n a l  shock  wave. E v e n t u a l l y ,  t h e  
shock  p r e h e a t s  t h e  gas  s u f f i c i e n t l y  t o  c a u s e  t h e  o n s e t  o f  d e t o n a t i o n .  
However, t h e  a c t u a l  o c c u r r e n c e  o f  d e t o n a t i o n  is s o m e t i m e s  o b s c u r e d  
by t h e  p r o x i m i t y  o f  a v e r y  t u r b u l e n t  f l a m e  i n  t h e  ne ighborhood  o f  t h e  
i n i t i a t i o n  p o i n t  and  i n  g e n e r a l  t h e  p r o c e s s  is n o t  one -d imens iona l .  
The a c c e l e r a t i o n  p r o c e s s  depends  v e r y  s t r o n g l y  on  t h e  r a t i o  of t h e  
b u r n i n g  v e l o c i t y  t o  t h e  sound  v e l o c i t y  i n  t h e  c o m b u s t i b l e  m i x t u r e .  
High v a l u e s  o f  t h i s  r a t i o  c a u s e  more r a p i d  a c c e l e r a t i o n  i n  t h e  s y s t e m  
and  t h e r e f o r e  c a u s e  a s h o r t e r  d e t o n a t i o n  " i n d u c t i o n "  d i s t a n c e .  I f  
t h e  t u b e  h a s  a f i n i t e  l e n g t h  and  is closed a t  b o t h  e n d s ,  s h o c k  
r e f l e c t i o n  from t h e  f a r  end  may o c c u r  b e f o r e  i g n i t i o n .  The r e f l e c t i o n  

* p r o c e s s  w i l l  a lways  p r e f e r e n t i a l l y  t r i g g e r  d e t o n a t i o n  and  i t  has  t h e  
added  d i s a d v a n t a g e  t h a t  i t  p r o d u c e s  v e r y  h i g h  p r e s s u r e s  b e f o r e  t h e  
d e t o n a t i o n  o c c u r s .  T h i s  t y p e  of  i n i t i a t i o n  is e x t r e m e l y  i m p o r t a n t  t o  
t h e  p r e d i c t i o n  of p o s s i b l e  haza rdous  d e t o n a t i o n s  i n  large i n d u s t r i a l  
i n s t a l l a t i o n s .  I t  a p p e a r s ,  f rom t h e  i n f o r m a t i o n  now a v a i l a b l e  t h a t  
one  m a y  make q u i t e  r e a l i s t i c  es t imates  o f  t h e  p o s s i b i l i t y  of de tona -  
t i o n  f o r  any  s p e c i f i c  a p p a r a t u s  a n d  c o m b u s t i b l e  m i x t u r e .  

b .  Homogeneous I n i t i a t i o n  

Homogeneous one-d imens iona l  i n i t i a t i o n  h a s  been  o b s e r v e d  beh ind  a 
r e f l e c t e d  shock  wave i n  a c o n v e n t i o n a l  shock  tube54,55,56. 
shows a n  x , t  s c h l i e r e n  in fe rogram o f  s u c h  a n  i n i t i a t i o n  p r o c e s s .  
The g a s  namics  o f  t h i s  p r o c e s s  have  been  modeled by G i l b e r t  and  
Strehlow" u s i n g  a n  ( x ,  t )  method o f  c h a r a c t e r i s t i c s  a n a l y s i s .  They 
assumed t h a t  e a c h  e l e m e n t  o f  t h e  gas reacts w i t h  k i n e t i c s  which  are  
dependen t  o n l y  on t h e  p r e v i o u s  t ime- t empera tu re  p r e s s u r e  h i s t o r y  
and  t h a t  t h e  gas dynamics m a y  be modeled i n  a c o n v e n t i o n a l  manner .  
The r e s u l t s  o f  t h e i r  a n a l y s i s  a g r e e d  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s  
o f  h i g h  t e m p e r a t u r e  r e f l e c t e d  i n i t i a t i o n  i n  e v e r y  d e t a i l  and  showed 
t h a t  t h i s  t y p e  o f  i n i t i a t i o n  p r o c e s s  is d i r e c t l y  c a u s e d  by t h e  
i n t e r a c t i o n  of  r e a c t i o n  k i n e t i c s  and  i n v i s c i d  gas dynamics .  I n  
s h o r t ,  t h e y  found t h a t  because  shock  h e a t i n g  is a wave p r o c e s s  i t  
g e n e r a t e s  a r e a c t i o n ' w a v e  which i n t e r a c t s  w i t h  and  accelerates  t h e  
shock  wave i n  a manner which  is c o m p l e t e l y  p r e d i c t a b l e  i f  t h e  k i n e t i c s  
a re  w e l l  u n d e r s t o o d .  Fu r the rmore  t h e y  found  t h a t  f o r  t h i s  p r o c e s s  
t h e r m a l  c o n d u c t i o n  and d i f f u s i o n  a r e  u n i m p o r t a n t  t o  t h e  wave develop-. 
ment p r o c e s s .  

F i g u r e  6 



a. 
I n  a f o l l o w i n g  work, S t r e h l o w ,  Crooke r ,  and Cusey57 have  e x p e r i m e n t a l l y  
and t h e o r e t i c a l l y  s t u d i e d  t h e  p r o c e s s  of d e t o n a t i o n  i n i t i a t i o n  when a 
s t e p  shock  wave p a s s e s  i n t o  a s l o w l y  c o n v e r g i n g  c h a n n e l .  Once a g a i n  
t h e y  obse rved  t h a t  t h e  first p o i n t  of i n i t i a t i o n ,  i n  r e a l  t i m e ,  i n  t h e  
c o n v e r g i n g  c h a n n e l  c o u l d  be  p r e d i c t e d  by s i m p l e  a p p l i c a t i o n  of non- 
s t e a d y  g a s  dynamics and  t h e  p r o p e r  r e a c t i o n  k i n e t i c s .  

c .  Hot Spot I n i t i a t i o n  

The most e x t e n s i v e  s t u d i e s  of i n i t i a t i o n  have  been  per formed i n  t h e  
hydrogen-oxygen sys tem56,  58, 59 .  
t h i s  sys t em e x h i b i t s  a s t r i c t l y  homogeneous i n i t i a t i o n  b e h a v i o r  i n  
s i m p l e  f low g e o m e t r i e s .  
h i g h  p r e s s u r e  ( i  .e. ,  a t  h i g h  r e a c t a n t  c o n c e n t r a t i o n s )  t h e  sys tem shows 
a v e r y  unusua l  t y p e  of i n i t i a t i o n  which is d i f f i c u l t  t o  c a t e g o r i z e .  
A t  i ts f irst  a p p e a r a n c e ,  t h e  i n i t i a t i o n  o c c u r s  a s  a series o f  " h o t  
s p o t s "  and  t h e s e  p r o p a g a t e  i n  a number of s p h e r i c a l l y  growing f l a m e s  
u n t i l  t h e  c o a l e s c e n c e  o f  t h e s e  f l a m e s  l e a d s  t o  t h e  i n i t i a t i o n  of 
d e t o n a t i o n .  An example is shown i n  F i g u r e  7 .  T h i s  b e h a v i o r  a p p e a r s  
t o  o c c u r  i n  t h e  p r e s s u r e  and  t e m p e r a t u r e  r e g i o n  which is roughly  
above and t o  t h e  l e f t  of a l i n e  on  a (P,T) e x p l o s i o n  l i m i t  d iagram 
o b t a i n e d  by e x t r a p o l a t i n g  t h e  second  l i m i t  l i n e  i n t o  t h e  " e x p l o s i o n "  
r e g i o n .  I t  a p p e a r s  t h a t  t h i s  b e h a v i o r  o c c u r s  under  c o n d i t i o n s  where 
a p p r e c i a b l e  
t h e  mix tu re58 .  More q u a n t i t a t i v e  work on  t h i s  t y p e  of i n i t i a t i o n  is 
needed .  

A t  h i g h  t e m p e r a t u r e  and low p r e s s u r e  

However a t  l o w  t e m p e r a t u r e  (9000-1100°K) and 

u a n t i t i e s  o f  t h e  s p e c i e s  H 0 2  a r e  a b l e  t o  accumula t e  i n  

d .  D e t o n a t i o n  F a i l u r e  

I n  t h i s  r e v i e w e r ' s  e s t i m a t i o n  t h e  problem o f  d e t o n a t i o n  f a i l u r e  h a s  
not  a d e q u a t e l y  been  s t u d i e d  a t  t h e  p r e s e n t  t i m e .  I t  is q u i t e  
a p p a r e n t  t h a t  e a c h  f r o n t a l  e lement  of a s e l f - s u s t a i n i n g  d e t o n a t i o n  is 

t h i s  p r o c e s s .  To d a t e  t h e r e  h a s  been  o n l y  o n e  t h e o r e t i c a l  s t u d y  of 
t h i s  problem and  t h i s  s t u d y  is r e l a t i v e l y  i n c o m p l e t e .  S t r e h l o w  and 
HartungG1 c o n s t r u c t e d  a " s t eady"  one -d imes iona l  o v e r d r i v e n  d e t o n a t i o n  
and t h e n  a l l o w e d  it t o  i n t e r a c t  w i t h  a s t r o n g  r a r e f a c t i o n  f a n  
a p p r o a c h i n g  it f rom t h e  r e a r .  The k i n e t i c s  were assumed t o  be  z e r o  
o r d e r  w i t h  a c o n s t a n t  a c t i v a t i o n  e n e r g y .  Rapid f a i l u r e  of t h e  detona- 
t i o n  was found t o  o c c u r  f o r  a c t i v a t i o n  e n e r g i e s  o f  18  and 50 k c a l .  
Fo r  a t h i r d  c a s e ,  when t h e  a c t i v a t i o n  ene rgy  was assumed t o  be  z e r o ,  
t h e  r e s u l t s  were i n c o n c l u s i v e  b e c a u s e  t h e  d e t o n a t i o n  d i d  not decay  
t o  below t h e  C J  v e l o c i t y .  A s  men t ioned  above, more work is needed 
o n  f a i l u r e  of d e t o n a t i o n  waves. 

T,, rnL- IT-- 
L U G  U ~ C  of D e i v n a t i o n s  i n  R e a c t i o n  K i n e t i c  S t u d i e s  

T h e r e  have  been  two ma jo r  t e c h n i q u e s  deve loped  t o  s t u d y  r e a c t i o n  
k i n e t i c s  i n  a c t u a l  d e t o n a t i o n s ,  White and  have  produced  
" l a m i n a r "  d e t o n a t i o n s  by p a s s i n g  a n  o r d i n a r y  d e t o n a t i o n  t h r o u g h  a con- 
v e r g e n t - d i v e r g e n t  n o z z l e .  While t h i s  f l ow is non-s teady  it is S t i l l  
u s e f u l  f o r  r a t e s  s t u d i e s .  They have  a p p l i e d  it t o  t h e  s t u d y  of 
v i b r a t i o n a l  r e l a x a t i o n  i n  e x o t h e r m i c  s y s t e m s  and  t o  t h e  s t u d y  of t h e  
e f f e c t  of v i b r a t i o n a l  r e l a x a t i o n  p r o c e s s e s  o n  i n d u c t i o n  zone  k i n e t i c s .  
T h i s  t e c h n i  ue  h a s  a l s o  e used  t o  s t u d y  i n d u c t i o n  z o n e  k i n e t i c s  by 
Mul laney  a n 3  co-workers69, g!? 



9. 

I n  a n o t h e r  t e c h n i q u e ,  a one -d imens iona l  d e t o n a t i o n  h a s  been  s t a b i l i z e d  
i n  a wind t u n n e l  and  t h e  r e a c t i o n  p r o f i l e  s t u d i e d  by o b s e r v i n g  t h e  
P r e s s u r e  p r o f i l e  downstream of t h e  normal shockG4. T h i s  t e c h n i q u e  h a s  
i n t e r e s t i n g  e n g i n e e r i n g  i m p l i c a t i o n s  b e c a u s e  it measu res  o v e r a l l  r a t e s  
of h e a t  r e l e a s e  d i r e c t l y  i n  a n i c e l y  c o n t r o l l e d  one-dimensional  geometry .  

U n f o r t u n a t e l y ,  it a p p e a r s  t h a t  a l l  a t t e m p t s  t o  r e s o l v e  t h e  r e a c t i o n  zone  
i n  o r d i n a r y  s e l f - s u s t a i n i n g  d e t o n a t i o n s  are  doomed t o  f a i l u r e ,  because  
of t h e  p r e s e n c e  of  t r a n s v e r s e  waves. S o l o u k h i n  i n  h i s  d i s c u s s i o n  of 
what are ,  i n  h i s  t e r m i n o l o g y ,  "mul t i - f  r o n t e d  de tona t ions"60 ,  h a s  p o i n t e d  
o u t  t h a t  e i t h e r  a v e r a g i n g  across t h e  t r a n s v e r s e  s t r u c t u r e  w i t h  o p t i c a l  
t e c h n i q u e s  or u s i n g  p r e s s u r e  t r a n s d u c e r s  a t  t h e  w a l l  w i l l  a lways  y i e l d  
r e s u l t s  which a r e  i n c o r r e c t  i n  terms .of a one -d imens iona l  t h e o r y .  Thus 
t h e  u t i l i t y  of o r d i n a r y  p r o p a g a t i n g  d e t o n a t i o n s  f o r  k i n e t i c  s t u d i e s  is 
a t  b e s t  m a r g i n a l .  

SHOCK TUBE HYDRODYNAMICS 

S i n c e  t h e  i n c e p t i o n  of  i ts u s e  i n  t h e  e a r l y  1 9 5 0 ' s  t h e  c h e m i c a l  shock  
t u b e  h a s  g r e a t l y  expanded t h e  t e m p e r a t u r e  r a n g e  a v a i l a b l e  f o r  
q u a n t i t a t i v e  e x p e r i m e n t a l  s t u d i e s  of t h e  phys ico -chemica l  p r o p e r t i e s  
o f  g a s e s .  The s u c c e s s  of i t s  a p p l i c a t i o n  as  a r e s e a r c h  too l  may be  
gauged by t h e  f a c t  t h a t  t h r o u g h o u t  t h e  wor ld  t h e  e x t a n t  c h e m i c a l  
shock  t u b e  l i t e r a t u r e  c o n s i s t s  of o v e r  a t h o u s a n d   reference^^^, 
is p r e s e n t l y  b e i n g  i n c r e a s e d  a t  t h e  r a t e  of a p p r o x i m a t e l y  150 
r e f e r e n c e s  p e r  y e a r .  

I n  t h e  f i e l d  of  r e a c t i o n  k i n e t i c s  s t u d i e s  t h e r e  are t w o  fundamen ta l  
r e a s o n s  f o r  t h i s  s u c c e s s .  
p roduced  d u r i n g  t h e  o p e r a t i o n  o f  a n  i d e a l  shock  t u b e  y i e l d s  a n  ~ 

e x t r e m e l y  p r e c i s e  and  r e p r o d u c i b l e  h e a t i n g  c y c l e  w i t h  e x c e l l e n t  
i n i t i a l  c o n d i t i o n s .  I n  t h e  second  p l a c e  t h e  shock  t u b e  is p a r t i c u l a r l y  
s u i t e d  f o r  s t u d i e s  i n  s y s t e m s  t h a t  a re  h i g h l y  d i l u t e d  w i t h  a n  i n e r t  g a s  
and  s t u d i e s  i n  s u c h  d i l u t e  s y s t e m s  have  c o n s i s t e n t l y  y i e l d e d  t h e  b e s t  
q u a n t i t a t i v e  k i n e t i c  d a t a .  T h e r e f o r e ,  o n e  might  s ay  t h a t  g a s  dynamics 
is t h e  s e r v a n t  which allows one  t o  make r e l a t i v e l y  p r e c i s e  r a t e  
measurements  a t  hLgh t e m p e r a t u r e s  i n  a c h e m i c a l  shock  t u b e .  However, 
i t  i s  a l s o  t h e  master of  t h e  s i t u a t i o n  i n  t h a t ,  ( 1 )  t h e  geometry  of 
t h e  c h e m i c a l  shock  t u b e  is d i c t a t e d  pr imar i1 .y  by g a s  dynamics  con- 
s i d e r a t i o n s ,  ( 2 )  s p e c i f  i c  g a s  dynamics  n o n - i d e a l i t i e s  l i m i t  t h e  u t i l i t y  
o f  t h e  a p p a r a t u s  and  ( 3 )  t h e  c o u p l i n g  of  t h e  c h e m i c a l  r e a c t i o n  and t h e  
g a s  dynamics is a l w a y s  i m p o r t a n t  t o  t h e  s t u d y  o f  r e a c t i o n  k i n e t i c s ;  
p a r t i c u l a r l y  i n  e x o t h e r m i c  s y s t e m s .  

A t  t h e  p r e s e n t  time s u f f i c i e n t  i n f o r m a t i o n  h a s  been c o m p i l e d  conce rn -  
i n g  t h e  behav io r  of  shock  t u b e s ,  so t h a t  t h e  d e s i g n  o f  a shock  t u b e  
f o r  p r e c i s e  c h e m i c a l  r a t e  s t u d i e s  is p o s s i b l e .  T h i s  p o r t i o n  of  t h e  
p a p e r  w i l l  p r e s e n t  a c r i t i c a l  d i s c u s s i o n  o f  t h e  r e l a t i v e  merite of  
v a r i o u s  e x p e r i m e n t a l  t e c h n i q u e s  and  i n  a d d i t i o n  w i l l  r e v i e w  r e c e n t  
work on non- idea l  shock  t u b e  b e h a v i o r  and r e c e n t l y  a c q u i r e d  knowledge 
c o n c e r n i n g  t h e  o c c u r r e n c e  o f  t h o s e  f l o w  i d e a l i t i e s  c a u s e d  by t h e  
p r e s e n c e  of exo the rmic  r e a c t i o n s .  

I .  S t u d i e s  Behind "Steady"  I n c i d e n t  Shock Waves 

The  most p r e c i s e  measurement of  a c h e m i c a l  r e a c t i o n  r a t e  c o n s t a n t  
may be  o b t a i n e d  by o b s e r v i n g . t h e  r e a c t i o n  immedia te ly  b e h i n d  t h e  
i n c i d e n t  shock  wave p roduced  i n  a c o n v e n t i o n a l  shock  t u b e .  F o r  t h e  

and  

I n  t h e  f i r s t  p i a c e  t h e  s t e p  s h o c k  wave 
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h i g h e s t  p r e c i s i o n  it is i m p e r a t i v e  t h a t  t h e s e  measurements  be  made a t  
h i g h  d i l u t i o n  i n  a monatomic g a s  and  t h a t  b o t h  t h e  r a t e  measurement 
and t h e  shock  v e l o c i t y  measurement be  e x t r a p o l a t e d  t o  t h e  i n s t a n t  t h e  
shock  uncovered  t h e  o b s e r v a t i o n  s t a t i o n .  I n  a l l  o t h e r  c a s e s  f l o w  non- 
i d e a l i t i e s  w i l l  c a u s e  d i f f i c u l t i e s  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a .  
T h i s  t y p e  o f  e x t r a p o l a t i o n  is p o s s i b l e  i n  o n l y  c e r t a i n  s p e c i f i c  c a s e s ,  
f o r  example,  i n  t h e  s t u d y  of t h e  i n i t i a l  d i s s o c i a t i o n  r a t e  of a 
d i a t o m i c  o r  more complex molecu le .  T y p i c a l  examples  of i n v e s t i g a t i o n s  
which have  y i e l d e d  r e s u l t s  of h i g h  p r e c i s i o n  u s i n g  t h i s  t e c h n i q u e  a r e  
t h e  measurements  o f  t h e  d i s s o c i a t i o n  r a t e  of t r i a t o m i c  m o l e c u l e s  by 
Olschewski ,  Troe  and  Wagnere6, 6 7 ,  68,  69, t h e  easurement  of hydrogen 
d i s s o c i a t i o n  by Myerson, Thompson and Josephvo and t h e  measurement of 
oxygen atom r e c o m b i n a t i o n  by K i e f e r  and Lu tz71 .  

I n  c a s e s  where t h e  r e a c t i o n  p r o c e s s  must be  f o l l o w e d  f o r  a l o n g  t ime  
a f t e r  shock  p a s s a g e  t h e  measurement of a c o r r e c t  r a t e  is not r e a l l y  
v e r y  s t r a i g h t f o r w a r d .  The raw d a t a  a f t e r  b e i n g  r educed  w i t h  t h e  h e l p  
of i d e a l  shock  t u b e  t h e o r y  must s t i l l  be  c o r r e c t e d  f o r  t h e  non- idea l  
f l ow b e h a v i o r  i n  t h e  p a r t i c u l a r  t u b e  t h a t  is be ing  used  i n  t h e  
e x p e r i m e n t .  S i n c e  combus t ion  d r i v e r s ,  h e a t e d  g a s  d r i v e r s ,  doub le  
d iaphragm t u b e s ,  d e t o n a t i o n  d r i v e r s ,  e tc . ,  produce  n o t o r i o u s l y  non- 
i d e a l  f l ow s i t u a t i o n s  i n  t h e  test g a s ,  w e  w i l l  d i s c u s s  c o r r e c t i o n  pro- 
c e d u r e s  which must be  u s e d  f o r  o n l y  t h e  s i m p l e s t  d r i v i n g  p r o c e s s :  a 
c o l d  g a s  d r i v e r  o p e r a t i n g  w i t h  a s i m p l e  p r e s s u r e  b u r s t  i n  a c o n v e n t i o n a l  
c o n s t a n t  a r e a  shock  t u b e .  Even i n  t h i s  c a s e  t h e r e  a r e  t h r e e  o v e r l a p p i n g  
b u t  r e l a t i v e l y  i n d e p e n d e n t  c o r r e c t i o n s  which must c o n c e r n  t h e  i n v e s t i -  
g a t o r  i f  h e  is t o  o b t a i n  r e a s o n a b l e  r a t e  c o n s t a n t s .  The f i r s t  of t h i s  
c o n c e r n s  t h e  diaphragm m a t e r i a l  u s e d  i n  t h e  s t u d y .  Diaphragm opening  
t i m e  is a f u n c t i o n  of b o t h  t h e  i n e r t i a  and t h e  t e a r i n g  p r o p e r t i e s  of 
t h e  diaphragm m a t e ~ - i a l ~ ~ , ~ ~ .  P r o b a b l y  t h e  b e s t  m a t e r i a l  i n  t h i s  r e s p e c t  
i s  c e l l u l o s e  a c e t a t e  b e c a u s e  it d i s i n t e g r a t e s  so  t h o r o u g h l y  on  b u r s t i n g .  
Mylar  is q u i t e  s low and i r r e g u l a r  and h a s  been  shown t o  p roduce  
i r r e p r o d u c i b l e  l a t e  p r e s s u r e  p u l s e s 7 4  ( p r o b a b l y  due t o  f l a p p i n g  or l a t e  
t e a r i n g )  which c o u l d  l e a d  t o  s c a t t e r  i n  t h e  r a t e  measurements .  Metal  
d i aphragms  i n  g e n e r a l  a p p e a r  t o  open  r a t h e r  s l o w l y  b u t  r e a s o n a b l y  
r e p r o d u c i b l e ,  i f  s c o r e d  u n i f o r m l y .  

I t  h a s  been  o b s e r v e d  t h a t  even  when r e p r o d u c i b l e ,  t h e  r a t e  of t h e  d i a -  
phragm open ing  p r o c e s s  is ex t r eme ly  imp0 t a n t  i n  d e t e r m i n i n g  t h e  e a r l y  
b e h a v i o r  of t h e  s h o c k  t u b e  f l o w .  
shown t h a t  f o r  a s low d iaphragm open ing  p r o c e s s ,  t h e  shock  v e l o c i t y  
i n c r e a s e s  f o r  a c o n s i d e r a b l e  d i s t a n c e  and o n l y  t h e n  e x h i b i t s  t h e  decay 
t h a t  one  would e x p e c t  f r o m  boundary l a y e r  growth .  I t  h a s  been  shown 
t h e o r e t i c a l l y  t h a t  t h i s  s low a c c e l e r a t i o n  may e a s i l y  y i e l d  v e l o c i t i e s  
which a r e  s l i g h t l y  above t h e  t h e o r e t i c a l  v e l o c i t y  f o r  t h a t  b u r s t i n g  
p r e s s u r e  r a t i o .  S i n c e  t h i s  is t h e  f o r m a t i v e  p e r i o d  f o r  t h e  shock  wave, 
i t  is b e s t  t o  make k i n e t i c  measurements  o u t s i d e  of t h i s  r e g i o n .  T h i s  
r e g i o n  e x t e n d s  f o r  a d i s t a n c e  from t h e  diaphragm c lamp which is a 
f u n c t i o n  of t h e  d iaphragm m a t e r i a l ,  t h e  b u r s t i n g  p r e s s u r e  r a t i o  and 
t h e  t u b e  d i a m e t e r .  White72 r e p n r t s  an accelerat ing E ~ I O C ~  40' f ren  t h e  
clamp w i t h  a metal d iaphragm i n  a 3 1/4" s q u a r e  t u b e  at  M = 1 5  i n  argon.  
However a t  a shock  Mach number of 8 he  found  t h a t  t h e  maximum v e l o c i t y  
o c c u r r e d  o n l y  12 f e e t  f rom t h e  diaphragm. I f  one  r e m a i n s  c l e a r  of t h i s  
a c c e l e r a t i n g  r e g i o n  t h e  ma jo r  problem which may a r i s e  from t h e  diaphragm 
b u r s t i n g  p r o c e s s  is t h e  problem of l a t e  s p u r i o u s  p r e s s u r e  s i g n a l s  from 
m a t e r i a l s  s u c h  a s  m y l a r .  

White75 and Alphe r  and White73 have 
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O t h e r  f low n o n - i d e a l i t i e s  t h a t  o c c u r  i n  a shock  t u b e  d u r i n g  t h e  l a t e  
f low a r e  a l l  c o n n e c t e d  t o  t h e  deve lopment  of t h e  boundary  l a y e r  b e h i n d  
t h e  i n c i d e n t  s h o c k .  These  e f f e c t s  have  b e e n  r e v i e w e d  by S e n c e  and 
Woods75 and by Holbeche and  Spence76.  
i n  a number of  p a p e r s  h a s  d i s c u s s e d  t h e  s e r i o u s n e s s  of  t h i s  problem.  
I f  one  assumes a n  i d e a l  d iaphragm b u r s t  it has been  f o u n d  t h a t  t h e  f l o w  
e s s e n t i a l l y  d i v i d e s  i t se l f  i n t o  two r e g i m e s .  The f i r s t  of t h e s e  is a 
p e r i o d  when t h e  s h o c k  is d e c a y i n g  due  t o  t h e  boundary  l a y e r  g rowth .  
Dur ing  t h i s  p e r i o d ,  t h e  l e n g t h  of t h e  h o t  column o f  tes t  g a s  is growing 
a t  a r e a s o n a b l y  c o n s t a n t  r a t e  t h a t  is  somewhat below t h e  t h e o r e t i c a l  
r a t e  p r e d i c t e d  by i d e a l  t h e o r y .  A f t e r  t h i s  i n i t i a l  p e r i o d  t h e  boundary  
l a y e r  h a s  grown t o  s u c h  a n  e x t e n t  t h a t  it is a c c u m u l a t i n g  t e s t  g a s  f rom 
t h e  ma in  sample  a t  t h e  same r a t e  a s  t h e  i n c i d e n t  shock  is a c c u m u l a t i n g  
new t e s t  g a s .  I n  t h i s  s i t u a t i o n ,  t h e  ra te  o f  decay  i n  t h e  i n c i d e n t  
shock  v e l o c i t y  becomes less t h a n  b e f o r e  and  t h e  l e n g t h  o f  t h e  test  g a s  
colug8 becomes r e l a t i v e l y  c o n s t a n t .  T h i s  e f f e c t  w a s  f i r s t  r e p o r t e d  by 
Duff R e c e n t l y  Fox, McLaren and  HobsonS3 have  shown t h a t  Mirel 's  
t h e o r y  q u i t e  a d e q u a t e l y  p r e d i c t s  t h e  o b s e r v e d  b e h a v i o r .  

I n  a d d i t i o n ,  M i r e l ~ ~ ~ , ~ ~ ,  79,80y 81, 

. 

T h e r e  a r e  t w o  d i s t i n c t l y  d i f f e r e n t  t y p e s  of  c o r r e c t i o n s  n e c e s s a r y  be- 
c a u s e  of  t h e s e  f l o w  n o n - i d e a l i t i e s .  I n  t h i s  p a p e r  t h e  e f f e c t s  of 
non- idea l  f l o w  w i l l  be  d i s c u s s e d  f o r  o n l y  t h e  s t a t e  p r o p e r t y  t e m p e r a t u r e  
b e c a u s e  r e a c t i o n  r a t e s  a r e  p r i m a r i l y  t e m p e r a t u r e  s e n s i t i v e .  I n  t h e  
f i r s t  p l a c e  t h e  s h o c k  wave is c o n t i n u a l l y  d e c e l e r a t i n g  -- a t  f i r s t  
r a p i d l y  and  l a t e r  s l o w l y  -- and  t h i s  i n t r o d u c e s  a t e m p e r a t u r e  g r a d i e n t  
i n  t h e  g a s  sample  which c a n  be l a r g e .  T h i s  t e m p e r a t u r e  g r a d i e n t  may 
be  c a l c u l a t e d  i f  o n e  assumes  t h a t  t h e  shock  a t t e n u a t e s  a t  a s p e c i f i c  
r a t e  and  t h a t  t h e r e  a re  t w o  p o s s i b l e  l i m i t  b e h a v i o r s  f o r  t h e  p r e s s u r e  
decay  beh ind  t h e  f r o n t .  These  a r e :  1. Each f l u i d  e l emen t  r e t a i n s  its 
shock  t r a n s i t i o n  p r e s s u r e .  I n  t h i s  case t h e  g a s  c o n t a i n s  a r e l a t i v e l y  
s t e p  p r e s s u r e  g r a d i e n t  due  t o  a t t e n u a t i o n  and  2 .  Each e l emen t  of gas 
a f t e r  shock  compress ion ,  is i s e n t r o p i c a l l y  expanded t o  t h e  i n s t a n t a n e o u s  
shock  t r a n s i t i o n  p r e s s u r e .  The r e a l  b e h a v i o r  b e h i n d  t h e  d e c a y i n g  s h o c k  
l i e s  somewhere between these two l i m i t  b e h a v i o r s .  T h e s e  two a s s u m p t i o n s  
y i e l d  t h e  f o l l o w i n g  e q u a t i o n s  f o r  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  gas  
f o l l o w i n g  t h e  shock  wave. 

1. With a r e s i d u a l  p r e s s u r e  g r a d i e n t  (no  p r e s s u r e  change  a f t e r  
shock  t r a n s i t  i o n )  

2 .  With i s e n t r o p i c  e x p a n s i o n  

F i g u r e  8 is a p l o t  o f  T 2 / m i l l i s e c o n d  i n  t h e  f l o w  b e h i n d  a shock  wave 
i n  a r g o n  w i t h  a n  a t t e n u a t i o n  r a t e  of 1% p e r  meter, A s  t h i s  f i g u r e  shows, 
t h e  g r a d i e n t s  a re  s i z a b l e  and v e r y  dependent  o n  t h e  t e s t i n g  t e m p e r a t u r e  

The second  c o r r e c t i o n  h a s  been e s t i m a t e d  by Mirelsgl o n  t h e  b a s i s  of  a '  
boundary l a y e r  deve lopment  t h e o r y .  I n  h i s  t h e o r y  f o r  t h e  l a t e  f l o w  he 
assumes  a c o n s t a n t  v e l o c i t y  shock  wave p r o p a g a t i n g  down t h e  t u b e  and  
he  c a l c u l a t e s  t h e  c h a n g e s  i n  f l o w  p r o p e r t i e s  a l o n g  t h e  t u b e  a x i s  due  t o  

T2 * 
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the boundary layer growth. His results are plotted as a function of 
the dimensionless distance from the shock wave l/lm where 1, is the 
equilibrium length of the hot gas column. In general he finds that 
all state properties increase in value as one travels away from the 
shock. Specifically for a gamma = 5/3 gas at M = 3 he finds that the 
temperature rises to about 1.07 T2 at a distance 1 = 0.2 IF and then 
remains relatively constant for the remainder of the transit time. 
However he finds that an even more serious correction than this is the 
correction to the testing time that must be included for strong shocks 
Specifically, the real testing time for a strong shock increases 
rapidly over the ideal testing time and at a position 1 = 0.2 1, the 
real testing time is 3/2 of the ideal testing time. This has been 
verified quantitatively by Fox, McLaren and H ~ b s o n ~ ~ .  

The non-ideal temperature drifts caused by the effects of shock 
velocity attenuation and boundary layer growth are in the same 
direction (each yielding a temperature increase as one travels away 
from the shock) and they may be added to a good first approximation. 
The testing time correction augments both of these temperature gradients 1 
and can in itself cause large errors if ideal flow is assumed. It 
appears as though some of the extant reaction kinetic data obtained 
in shock tubes should be re-evaluated in the light of these developments. 
It should be pointed out that these corrections can change the 
apparent activation energy of the reaction as well as the absolute 
rate because in all cases the correction becomes more severe as the 
run temperature increases. 

i 

\ 

: In the previous discussion it was implied that dilution with an inert 
monatomic gas is desirable for accurate kinetic rate measurements. 
Modica and La Graff84 have recently studied the decomposition of N2F4 
using both argon and nitrogen as a diluent and their comparative re- 
sults reinforce the contention that monatomic gas dilution is i 

necessary to reduce the ambiguity of results. In another interesting 
experiment along these same lines Seery and B r i t t ~ n ~ ~  have shown that 
xenon is apparently not a completely inert diluent during the 
dissociation of fluroine. 

11. Reflected-Shock Time-Resolved Techniques 

Rate measurements made behind the reflected shock offer certain 
advantages over measurements made using the incident technique. In 
particular, sampling with a time-of-flight or quadrapole mass 
spectrometer is possible and laboratory time is real time because 
the gas is relatively quiescent in the neighborhood of the end-wall. 
Also, for the same initial conditions the reflected technique produces 
considerably high temperatures than an incident technique. 

I 

In this section we will discuss some difficulties exhibited by only 
the simplest time-resolved reflected techniques, those in which a 
sample is drawn from the end wall for mass spectrometer analysis or 
in which an emission or absorption spectroscopic technique is Used 
to observe a gas sample trapped near the back wall. In these cases 
the initial temperature behind a reflected shock may be calculated 
quite accurately from the incident shock velocity measured at the 
moment of impact, assuming that the gas is entirely inert. The shock 
velocity at impact must be determined by extrapolating upstream 
measurements and the calculation is only valid for the case where the 
reactant is highly diluted with a monatomic carrier gas,. As in the 
case of incident measurements, if it is not possible to extrapolate 
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t h e  r a t e  t o  t h e  shock ,  c o r r e c t i o n s  f o r  t h e  f l o w  n o n - i d e a l i t i e s  must 
be  i n c l u d e d  t o  a c c u r a t e l y  d e t e r m i n e  t h e  r a t e s .  

Boundary l a y e r  c o r r e c t i o n s  are  s t i l l  i m p o r t a n t  i n  t h i s  case.  I f  o n e  
o p e r a t e s  n e a r  t h e  back  w a l l  ( w i t h i n  a p p r o x i m a t e l y  5mm of t h e  back w a l l )  
t h e  t e s t i n g  t i m e  c o r r e c t i o n  ceases t o  b e  i m p o r t a n t  and i f  o n e  o p e r a t e s  
w i t h  a monatomic c a r r i e r  g a s ,  b i f u r c a t i o n  p rob lems  a r e  no t  s e r i o u s 8 6 .  
However t h e  p r e s s u r e  r i s e  i n  t h e  g a s  t r a v e l i n g  beh ind  t h e  i n c i d e n t  
shock  d o e s  c a u s e  a s e r i o u s  p e r t u r b a t i o n  t o  t h e  p r e s s u r e - t i m e  and 
t empera tu re - t ime  h i s t o r y  of t h e  g a s  s a m p l e t r a p p e d  n e a r  t h e  back  w a l l .  
A s  t h e  r e f l e c t e d  shock  p r o p a g a t e s  away f rom t h e  back  w a l l ,  it e n c o u n t e r s  
t h i s  p r e s s u r e  i n c r e a s e  and t r a n s m i t s  s i g n a l s  t o  t h e  g a s  a t  t h e  back  
w a l l .  F o r t u n a t e l y  t h e  sample  n e a r  t h e  back  w a l l  is compressed i s e n -  
t r o p i c a l l y  d u r i n g  t h i s  p r o c e s s  and  f o r  a monatomic g a s  t h e  t e m p e r a t u r e  
i n c r e a s e  may b e  e s t i m a t e d  r a t h e r  a c c u r a t e l y  u s i n g  t h e  e q u a t i o n :  

Thus a p r e s s u r e  gauge  may b e  u s e d  t o  m o n i t o r  t h e  ra te  o f  p r e s s u r e  
change  a t  t h e  back w a l l  a n d t h i s  r a t e  o f  change  may b e  u s e d  t o  e s t i m a t e  
t h e  e q u i v a l e n t  t e m p e r a t u r e  d r i f t  n e a r  t h e  back  w a l l .  A l t e r n a t e l y ,  
Mi re l s ’ theo ry  may be  used  i n  c o n j u n c t i o n  w i t h  R u d i n g e r ’ s  s i m p l i f i e d  
method of c h a r a c t e r i s t i c s  a n a l y s i s 8 7  t o  c a l c u l a t e  a p r e s s u r e  and  
t e m p e r a t u r e  change  a t  t h e  back w a l l  f o r  t h e  p a r t i c u l a r  shock  t u b e  and  
i n i t i a l  c o n d i t i o n s  o f  t h e  e x p e r i m e n t .  

I n  t h e  c a s e  of mass  s p e c t r o m e t e r  a n a l y s e s  s a m p l i n g  t e c h n i q u e s  are 
i m p o r t a n t  and t h e  c o r r e c t i o n  f o r  h e a t  t r a n s f e r  t o  t h e  w a l l  s h o u l d  be 
c o n s i d e r e d  i n  any  c a l c u l a t i o n 8 8 .  These  c o r r e c t i o n s  a r e  r e a s o n a b l y  
s t r a i g h t f o r w a r d ,  however, s i n c e  i n  t h i s  t i m e  sca le  c o n v e c t i o n  does  
not  o c c u r .  T h e r e f o r e ,  o n l y  a c o n d u c t i o n  e q u a t i o n  need b e  s o l v e d  t o  
d e t e r m i n e  t h e  n e c e s s a r y  c o r r e c t i o n .  Heat t r a n s f e r  can  a l s o  be  i m p o r t a n t  
i n  s p e c t r o s c o p i c  t e c h n i q u e s  b e c a u s e  a b s o r p t i o n  i n  t h e  cold boundary  
l a y e r  g a s e s  a t  t h e  w a l l  c a n  c o m p l e t e l y  domina te  t h e  measurement i n  
c e r t a i n  cases89. 
a p p a r a t u s  t o  c i r cumven t  t h i s  d i f f i c u l t y .  

I n  a d d i t i o n  t o  t h e  above ,  r e f l e c t e d - s h o c k ,  t i m e - r e s o l v e d  t e c h n i q u e s  
s u f f e r  from t w o  u n i q u e  d i f f i c u l t i e s  related t o  the  c h e m i s t r y .  I n  t h e  
f i r s t  p l a c e ,  t h e  o c c u r r e n c e  of  c h e m i c a l  r e a c t i o n  b e h i n d  t h e  i n c i d e n t  
shock  canno t  a lways  D e  d i s m i s s e d  i n  a n  2 p s i o r i  manner b u t  s h o u l d  be 
examined f o r  e a c h  e x p e r i m e n t a l  s y s t e m .  T h i s  problem is p a r t i c u l a r l y  
s e r i o u s  f o r  a f i r s t  o r d e r  r e a c t i o n  w i t h  a r e l a t i v e l y  l o w  a c t i v a t i o n  
ene rgy  and c o u l d  a l s o  b e  s e r i o u s  f o r  a second  order r e a c t i o n  w i t h  a 
v e r y  low a c t i v a t i o n .  I n  t h e  s e c o n d  p l a c e ,  t h e  o c c u r r e n c e  of  a r e a c t i o n  
b e h i n d  t h e  r e f l e c t e d  shock  l e a d s  t o  a non-steady r e f l e c t e d  shock  
b e h a v i o r .  T h e r e  a r e  t w o  r e a s o n s  f o r  t h i s ;  e i t h e r  t h e  m o l e c u l a r  we igh t  
o r  t h e  e n t h a l p y  of t h e  g a s  may change  due  t o  t h e  o c c u r r e n c e  of  t h e  
c h e m i c a l  r e a c t i o n .  By f a r  t h e  most i m p o r t a n t  of  t h e s e  t w o  changes  
unde r  o r d i n a r y  c o n d i t i o n s  is t h e  e n t h a l p y  change  a s s o c i a t e d  w i t h  t h e  
r e a c t i o n  p r o c e s s .  I f  a n  endo the rmic  r e a c t i o n  o c c u r s  b e h i n d  t h e  re- 
f l e c t e d  shock ,  t h e  shock  wave w i l l  decelerate  and  t h i s  w i l l  c a u s e  a 
p r e s s u r e  d e c r e a s e  and  a n  a t t e n d a n t  i s e n t r o p i c  t e m p e r a t u r e  d e c r e a s e  a t  
t h e  back  w a l l .  
of t h i s  f l o w  and  a d e t a i l e d  method of  cha rac t e r i s t i c  c a l c u l a t i o n  of  
t h e  i n t e r a c t i o n  f o r  t h e  v i b r a t i o n a l  r e l a x a t i o n  of oxygen h a s  been  
r e p o r t e d  by N a f ~ i n g e x - 9 ~ .  

A l l e n ,  T e x t o r i s  and  Wilsongg have  d e v e l o p e d  a n  i n g e n i o u s  

Johnson and B r i t t o n g o  have  d i s c u s s e d  t h e  ma in  f e a t u r e s  

H e  found  t h a t  t h e  s h o c k  r e l a x a t i o n  p r o c e s s  
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t o o k  a p p r o x i m a t e l y  7 rv where rd is t h e  c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e  
b e h i n d  t h e  r e f l e c t e d  s h o c k  a t  t h e  back w a l l .  H e  a l s o  obse rved  t h a t  
t h i s  non-s teady  p r o c e s s  l e d  t o  a s u b s t a n t i a l  r e s i d u a l  e n t r o p y  g r a d i e n t  
a l o n g  t h e  t u b e  a x i s  i n  t h e  ne ighborhood of t h e  back w a l l .  The e f f e c t  
o f  e x o t h e r m i c  r e a c t i o n s  w i l l  be d i s c u s s e d  i n  S e c t i o n  IVb. 

111. S i n g l e  P u l s e  Techn iques  

S i n g l e  p u l s e  t echn iquesg3  s u f f e r  from a number of  r e l a t i v e l y  d i s t i n c t  
p roblems.  I n  t h i s  r e v i e w e r ' s  o p i n i o n ,  t h e  sum t o t a l  o f  t h e s e  d e f i -  
c i e n c i e s  are s e r i o u s  enough t o  make t h e  t e c h n i q u e  v e r y  d i f f i c u l t  , f o r  
q u a n t i t a t i v e  k i n e t i c  s t u d i e s .  I t  is, however, s t i l l  a u s e f u l  t e c h n i q u e  
f o r  q u a l i t a t i v e  and  c o m p a r a t i v e  s t u d i e s  f o r  new or complex s y s t e m s .  

L e t  u s  f i r s t  c o n s i d e r  t h o s e  d i f f i c u l t i e s  t h a t  are i n h e r e n t  i n  a s i n g l e  
p u l s e  expe r imen t  p e r f o r m e d  w i t h  a n  i d e a l  shock  t u b e .  Even i n  t h i s  c a s e ,  
t h e r e  are f i v e  ma jo r  problems which  l i m i t  t h e  t e c h n i q u e ' s  u t i l i t y .  
These  are: 1. A n a l y s e s  a r e  per formed a f t e r  t h e  expe r imen t  is comple ted .  
Thus o n l y  s t a b l e  p r o d u c t s  may be i d e n t i f i e d  and ,  a t  b e s t ,  o n l y  t h e  
s y s t e m s  o v e r a l l  b e h a v i o r  may be s t u d i e d .  T h e r e f o r e  t h e  d e d u c t i o n  o f  
r e s p o n s i b l e  i n d i v i d u a l  r e a c t i o n s  w i t h  a concordan t  d e t e r m i n a t i o n  o f  t h e i r  
rates is  v e r y  d i f f i c u l t .  2 .  The h e a t i n g  c y c l e  is n o t  t h e  same f o r  t h e  
e n t i r e  g a s  sample .  T h e r e f o r e ,  a n  a v e r a g e  p r o c e s s i n g  t i m e  must be esti- 
mated  f o r  t h e  r u n .  3. C o n t a c t  s u r f a c e  t a i l o r i n g  is  n e c e s s a r y  t o  o b t a i n  
l o n g  test t i m e s  and  t h e r e b y  r e d u c e  t h e  errors c a u s e d  by t h e  a v e r a g i n g  
p r o c e s s  ment ioned  i n  P a r t  2 above .  However o f f - d e s i g n  t a i l o r i n g  w i l l  
c a u s e  s u b s t a n t i a l  t e m p e r a t u r e  changes  d u r i n g  t h e  las t  (and u s u a l l y  major )  
p a r t  o f  t h e  t e s t i n g  t i m e  and t h i s  is s e r i o u s  i f  t h e  r e a c t i o n  h a s  a high 
t e m p e r a t u r e  s e n s i t i v i t y .  4.  C o o l i n g  must n e c e s s a r i l y  be produced  by a 
r a r e f a c t i o n  f a n  and  t h i s  i n t r o d u c e s  y e t  a n o t h e r  u n c e r t a i n t y  i n t o  t h e  c a l -  
c u l a t e d  t e s t i n g  t i m e .  5. I f  the r e a c t i o n  i s  n o t  t h e r m a l l y  n e u t r a l ,  
e f f e c t s  of s e l f - h e a t i n g  must  be i n c l u d e d .  These l as t  t w o  problems have 
been d i s c u s s e d  b y  Pa lmer  , b o x  and  McHaleg4. 

The n o n - i d e a l i t y  of a real shock  t u b e  f low compounds t h e s e  problems.  
By f a r  t h e  most s e r i o u s  n o n - i d e a l i t y  is t h e  growth of  t h e  boundary 
l a y e r  b e h i n d  t h e  i n c i d e n t  shock .  T h i s  l e a d s  t o  t h r e e  d i s t i n c t  
d i f f i c u l t i e s  which c a u s e  problems.  I n  t h e  first p l a c e  t h e  t e m p e r a t u r e  
c a n n o t  be h e l d  c o n s t a n t  f o r  t h e  d e s i r e d  t e s t i n g  t i m e  because  t h e  
upward d r i f t  is a lways  a p p r e c i a b l e  on a t i m e  scale  of  1 t o  4 m i l l i -  
s e c o n d s .  Second ly ,  t a i l o r i n g  c a n n o t  be e x a c t  because  of t h e  sh i f - t -  i n  
p r o p e r t i e s  c a u s e d  b y  t h e  boundary l a y e r  growth .  T h i r d l y ,  t h e  growing 
boundary  l a y e r  c a n  e n t r a i n  a sizable q u a n t i t y  of  t h e  test g a s .  There-  
fore t h e  e n t i r e  r e a c t i v e  sample  is n o t  t r e a t e d  by t h e  t e s t  p u l s e .  
T h i s  l as t  d i f f i c u l t y  is p a r t i c u l a r l y  s e r i o u s  i f  t h e  e n t i r e  c o n t e n t s  
of t h e  t u b e  are  b e i n g  a n a l y z e d  a f t e r  t h e  r u n  and  may be a l l e v i a t e d  t o  
some e x t e n t  by a n a l y z i n g  o n l y  t h a t  p o r t i o n  o f  t h e  test  g a s  t h a t  was i n  
t h e  ne ighborhood o f  t h e  back  w a l l  d u r i n g  t h e  p u l s e  c y c l e .  

The m a j o r i t y  of t h e  d i f f i c u l t i e s  ment ioned  above C ~ I I S C  errors in bcrtb 
t h e  a c t i v a t i o n  e n e r g y  a n d  t h e  a c t u a l  magni tude  of t h e  r a t e  measured  
w i t h  a s i n g l e  p u l s e  t u b e .  T h i s  is b e c a u s e  t h e  s e v e r i t y  of  most  of  
t h e s e  c o r r e c t i o n s  i n c r e a s e  as t h e  t e m p e r a t u r e  of the test  r u n  i n c r e a s e s .  

T h e r e  have  been many v a r i a t i o n  u l s e  t e c h n i q u e  i n t r o d u c e d  
i n  t h e  p a s t  few y e a r s .  Tsang ,  15%:$5, ~ ~ % ~ l ~ o  for  example ,  h a s  a p p l i e d  
t h e  t e c h n i q u e  t o  t h e  s t u d y  of hydrocarbon decompos i t ion  and  r ea r r angemen t  
r e a c t i o n s  u s i n g  a m i x t u r e  t h a t  c o n t a i n s  a small  q u a n t i t y  of "p ropy l  
c h l o r i d e "  as  a trace r e a c t a n t .  T h i s  s p e c i e  is u s e d  t o  i n d e p e n d e n t l y  



o b t a i n  i n f o r m a t i o n  on  t h e  t empera tu re - t ime  p u l s e  so a s  t o  i n c r e a s e  t h e  
a c c u r a c y  of t h e  e x p e r i m e n t a l  decompos i t ion  measurement .  T h i s  t y p e  of 
" t r a c e  r e a c t i o n "  t e c h n i q u e  h a s  u t i l i t y  o n l y  i f  it c a n  b e  proved  i n  a n  
unambiguous manner t h a t  t h e  t r a c e  r e a c t  i o n  is o c c u r r i n g  independen t ly  
o f  t h e  unknown r e a c t i o n .  I t  s h o u l d  have  t h e  h i g h e s t  a c c u r a c y  when t h e  
a c t i v a t i o n  e n e r g i e s  of t h e  two r e a c t i o n s  a r e  a p p r o x i m a t e l y  e q u a l .  

T S C h U C h i k 0 w - R o ~ x ~ ~ ~ ~  l 0 2 ,  103 h a s  p roposed  a b a l l  v a l v e  t e c h n i q u e  which 
may be  used  t o  i s o l a t e  a sample  e i t h e r  be tween t h e  b a l l  v a l v e  and  t h e  
end  p l a t e  of t h e  t u b e  or j u s t  i n  t h e  b o r e  of  t h e  b a l l  v a l v e .  However, 
h i s  h e a t i n g  c y c l e  a n a l y s i s  is  based  on  ideal  shock  t u b e  f l o w  t h e o r y  
and s i n c e  h e  p r o p o s e s  t o  c a l c u l a t e  h e a t i n g  t i m e  by s u b t r a c t i n g  two 
l a r g e  t i m e s  which a r e  t h e m s e l v e s  c a l c u l a t e d  by u s i n g  i d e a l  t h e o r y ,  t h e  
a c c u r a c y  of h i s  c a l c u l a t i o n  w i l l  be  l o w .  However, t h e r e  is  t h e  p o s s i -  
b i l i t y  of improving t h e  a c c u r a c y  by i n c l u d i n g  t h e  n e c e s s a r y  boundary 
l a y e r  growth c o r r e c t  i o n s .  , 

L i f s h i t z ,  Bauer and Res le r1°4  have i n t r o d u c e d  and  used  a t u b e  w i t h  a 
s i d e  dump t a n k  on  t h e  t e s t  s e c t i o n  l e g .  I n  c o n j u n c t i o n  w i t h  t h i s  t h e y  
o p e r a t e  t h e  t u b e  w i t h o u t  a t a i l o r e d  i n t e r f a c e .  I n s t e a d  t h e y  " tune"  
t h e  l e n g t h  of t h e  d r i v e r  s e c t i o n  by i n s e r t i n g  p l u g s  a t  t h e  end  w a l l  SO 
t h a t  t h e  s t r o n g  r a r e f a c t i o n  f a n  i n  t h e  d r i v e r  gas ,  a f t e r  r e f l e c t i n g  
from t h e  end of t h e  d r i v e r  s e c t i o n ,  w i l l  o v e r t a k e  t h e  c o n t a c t  s u r f a c e  
a t  t h e  i n s t a n t  t h a t  i t  is m e t  by t h e  r e f l e c t e d  shock  wave. Thus, 
t e s t i n g  t i m e  i n  t h e  sample  t h e o r e t i c a l l y  r a n g e s  from z e r o  t o  
a p p r o x i m a t e l y  2 tave. The t e c h n i q u e  s u f f e r s ,  however, f rom t h e  f a c t  
t h a t  non- idea l  boundary l a y e r  growth  w i l l  a lways  c a u s e  t h e  c o n t a c t  
s u r f a c e  t o  i n t e r s e c t  t h e  r e f l e c t e d  shock  e a r l i e r  t h a n  t h e  t h e o r e t i c a l  
t i m e .  I f  t h i s  e f f e c t  is no t  i n c l u d e d  i n  the  " tun ing"  o p e r a t i o n  t h e  
t e s t  g a s  sample w i l l  s u f f e r  a complex t ime- t empera tu re  h e a t i n g  c y c l e  
and t h e  i n t e r p r e t a t i o n  of  t h e  d a t a  w i l l  be  d i f f i c u l t .  The p r e s e n c e  of  
a s i d e  dump t a n k  m o d i f i e s  t h e  downstream f low i n  t h e  test s e c t i o n  bu t  
a r e a s o n a b l e  c o n s t a n t  shock  v e l o c i t y  is s t i l l  a t t a i n e d  n e a r  t h e  end 
p l a t e .  The s ide  dump t a n k  is used  p r i m a r i l y  t o  p r e v e n t  m u l t i p l e  h i g h  
p r e s s u r e  r e f l e c t i o n s  i n  t h e  g a s  sample .  I t  is p r o b a b l y  a d e q u a t e  f o r  
t h i s  pu rpose .  

I V .  Exothermic System I n s t a b i l i t i e s  

I n  a d d i t i o n  t o  a l l  t h e  d i f f i c u l t i e s  ment ioned  above,  i n  exo the rmic  
s y s t e m s  t h e  a p p l i c a t i o n  of  t h e  shock  t u b e  t o  r e a c t i o n  k i n e t i c  s t u d i e s  
is l i m i t e d  by t h e  o c c u r r e n c e  of  non-steady f l o w  p r o c e s s e s  which may 
be t r i g g e r e d  by t h e  p r e s e n c e  of  t h e  exo the rmic  r e a c t i o n .  S p e c i f i c a l l y ,  
two d i s t i n c t  t y p e s  of f low i n s t a b i l i t i e s  may o c c u r  and it h a s  been  
found  t h a t  two independent  c r i t e r i a  may be u s e d  t o  p r e d i c t  t h e  
o c c u r r e n c e  of t h e s e  i n s t a b i l i t i e s  on  t h e  b a s i s  of known f l o w  p r o p e r t i e s  
of  t h e  p a r t i c u l a r  sys tem which is under  i n v e s t i g a t i o n .  The t w o  
c r i t e r i a  w i l l  be  c a l l e d  t h e  Chapman-Jouguet c r i t e r i o n  and  t h e  t u b e  
d i a m e t e r  c r  i t er i o n .  

a .  The Chapman-Jouguet C r i t e r i o n  

C o n s i d e r  a gas  m i x t u r e  c a p a b l e  of s u s t a i n i n g  a r e a c t i o n  which 
d r i v e s  t h e  s y s t e m  toward  a s t a t e  of f u l l  chemica l  e q u i l i b r i u m .  
With t h i s  res t r ic t  i o n  w e  d e f i n e  t h e  m i x t u r e  t o  be "exothermic"  i f ,  
i n  t h e  (P,V) p l a n e ,  t h e  R a y l e i g h  l i n e  t h r o u g h  t h e  p o i n t  (P1,V1) 
which j u s t  t a n g e n t s  t h e  e q u i l i b r i u m  Hugoniot r e p r e s e n t s  a shock 
t r a n s i t i o n  whose Mach number, MGJ, is  g r e a t e r  t h a n  u n i t y .  
c a l l  t h e  v a l u e  of t h i s  minimum ach  number f o r  s t e a d y  shock  
p ropaga t  i o n  t h e  Chapman-Jouguet c r i t e r i o n  f o r  i n s t a b i l i t y .  I t  

We 
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may, of c o u r s e ,  be  c a l c u l a t e d  q u i t e  a c c u r a t e l y  i f  thermodynamic 
p r o p e r t i e s  a r e  a v a i l a b l e  f o r  t h e  sys tem i n  q u e s t i o n ,  

An example o f  t h e  a p p l i c a t i o n  of t h i s  c r i t e r i o n  may b e  d i s c u s s e d  
w i t h  t h e  h e l p  o f  F i g u r e  9 .  The s y s t e m  c o n s i d e r e d  i n  t h i s  f i g u r e  
is a s t o i c h i o m e t r i c  hydrogen-oxygen m i x t u r e  d i l u t e d  w i t h  v a r i o u s  
amounts  of a r g o n  a t  t h e  i n i t i a l  c o n d i t i o n s  T = 300°K and P = 
100 torr .  
number M = MCJ is p l o t t e d  v e r s u s  t h e  m i x t u r e  c o m p o s i t i o n  i n  t h i s  
f i g u r e .  The  v e r t i k a l  l i n e s  approx ima te  r e g i o n s  i n  which s t u d i e s  
h a v e  been  r e p o r t e d ,  a d m i t t e d l y  f o r  d i f f e r e n t  s t o i c h i o m e t r i c s  and 
p r e s s u r e  l e v e l s  ( t h e  numbers o n  t h e  l i n e s  a r e  r e f e r e n c e  numbers).  
The approximat  i o n  is r e a s o n a b l y  good because ,  however, p r e s s u r e  
s h i f t s  t h e  c u r v e  i n  F i g u r e  9 o n l y  s l i g h t l y  and s t o i c h i o m e t r y  changes  
a r e  e f f e c t i v e l y  d i l u t i o n  changes  on  t h e  b a s i s  o f  a CJ  c a l c u l a t i o n .  
Region  I, above and t o  t h e  l e f t  of t h e  s t a b i l i t y  l i n e  M = M ~ J ,  
c o r r e s p o n d s  t o  t h e  e x p e r i m e n t a l  c o n d i t i o n s  unde r  which s t e a  y i n c i -  
den t  shock  waves may be produced  and s t u d i e d  i n  t h i s  system, w h i l e  
r e g i o n  11, below and  t o  the  r i g h t  o f  t h e  s t a b i l i t y  c u r v e  r e p r e s e n t s  
i n i t i a l  shock  c o n d i t i o n s  f o r  which a s t e a d y  shock  wave w i t h  
c h e m i c a l  r e a c t i o n  c a n n o t  e x i s t .  Note t h a t  B e l l e s  and =erlo7 
worked w i t h  i n c i d e n t  shocks  j u s t  a t  t h e  edge  of r e g i o n  I and  t h a t  
a l l  o t h e r  e x t a n t  i n c i d e n t  shock  s t u d i e s  were pe r fo rmed  w e l l  i n s i d e  
r e g i o n  I .  I t  is i n t e r e s t i n g  t h a t  Belles and Lauver  r e p o r t  
i n s t a b i l i t y  d i f f i c u l t i e s  at  low t e m p e r a t u r e s .  

I n  r e g i o n  I1 of F i g u r e  1, k i n e t i c  s t u d i e s  must n e c e s s a r i l y  b e  p e r -  
formed i n  c o n j u n c t i o n  w i t h  a f l o w  which is l o n g i t u d i n a l l y  non- 
s t e a d y .  For  t h i s  r e a s o n  w e l l  c o n t r o l l e d  and r e p r o d u c i b l e  i n i t i a l  
c o n d i t i o n s  a r e  i m p o r t a n t  t o  t h e  d e s i g n  of these e x p e r i m e n t s .  Fo r  
example ,  t h e  s i m p l e  f a c t  t h a t  t h e  i n i t i a l  f l o w  produced  by t h e  
d iaphragm b u r s t i n g  p r o c e s s  is  n e i t h e r  one -d imens iona l  nor 
r e p r o d u c i b l e  o b v i a t e s  t h e  u s e  of a c o n v e n t i o n a l  i n c i d e n t  shock  
t e c h n i q u e  for r e g i o n  I1 s t u d i e s .  The re  are, however, f o u r  shock  
t u b e  t e c h n i q u e s  which e i t h e r  have  been  used  or have  a p o t e n t i a l  
u s e  f o r  pe r fo rming  k i n e t i c  s t u d i e s  under  r e g i o n  I 1  c o n d i t i o n s .  
These  w i l l  be  d i s c u s s e d  i n d i v i d u a l l y .  

The f i r s t  of these t e c h n i q u e s  u s e s  t h e  r e f l e c t e d  shock  r e g i o n .  
R e f l e c t e d  shock  s t u d i e s ,  when per formed i n  a g a s  m i x t u r e  w i t h  a 
h i g h  h e a t  c a p a c i t y  ratio,  y i e l d  a r e a s o n a b l y  one-d imens iona l  h e a t -  
i n g  c y c l e  w i t h  w e l l  d e f i n e d  i n i t i a l   condition^^^. 
t h e  f l o w  f o l l o w i n g  r e f l e c t i o n  r e m a i n s  non-s teady  f o r  a n  ex tended  
p e r i o d  of t i m e  (and  i n d e e d  may y i e l d  a d e t o n a t i o n  wave p r o p a g a t i n g  
away from t h e  end  w a l l )  t h e  g a s  n e a r  t h e  end  w a l l  may be  used  f o r  
k i n e t i c  s t u d i e s  s i n c e  it is q u i e s c e n t ,  it s u f f e r s  no a d d i t i o n a l  
shock  t r a n s i t i o n s  a f t e r  r e f l e c t e d  shock  p a s a g e  and its p r e s s u r e -  
t i m e  h i s t g s y  d u r i n g  t h e  r e a c t i o n  p r o c e s s  may be  p r e d i c t e d  r eason-  
a b l y  w e l l  . T h i s  t e c h n i  u e  has been used  s u c c e s s f u l l y  by 
numerous i n v e s t i g a t n r s 5 4 , ? 0 5 ;  106 i~ sit:ati=r,s where the steady 
i n c i d e n t  t e c h n i q u e  would no t  be a p p l i c a b l e  i n  terms of t h e  C J  
c r i t e r i o n .  

The u n r e a c t i v e  shock  t e m p e r a t u r e  $or a shock  of hach  

Even though 

The second  t e c h n i q u e  c o n s i s t s  of p a s s i n g  a weak, b u t  w e l l  e s t a b l i s h e d ,  
s t e p  s h o c k -  wave p roduced  i n  a c o n v e n t i o n a l  c o n s t a n t  a r e a  shock  t u b e  
i n t o  and  t h r o u g h  a s e c t i o n  of t u b i n g  whose cross s e c t i o n a l  a r e a  is 
s l o w l y  d e c r e a s i n g  w i t h  d i s t a n c e .  I f  t h e  r a t e  o f  d e c r e a s e  of a r e a  
is s u f f i c i e n t l y  slow ( a  maximum w a l l  a n g l e  t o  t h e  c e n t e r  l i n e  o f  
a p p r o x i m a t e l y  lo f o r  example )  t h e  f l o w  w i l l  become a q u a s i  one- 

,, 

d i m e n s i o n a l  non- s t eady  f l o w  i n  which t h e  l e a d i n g  shock  wave 1s i 
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C o n t i n u a l l y  a c c e l e r a t i n g .  I n  t h i s  s i t u a t i o n  a non-s teady  f l o w  
c a l c u l a t i o n  is r e q u i r e d  t o  sort  t h e  r e a c t i o n  k i n e t i c s  from t h e  
g a s  dynamics e f f e c t s .  T h i s  expe r imen t  h a s  b e e n  pe r fo rmed  and 
s u c h  a c a l c u l a t i o n  h a s  been  made f o r  a t u b e  i n  which d( lnA)/dx = 

and i s o - p r e s s u r e  p l o t s  i n  a n  ( x , t )  c o o r d i n a t e  s y s t e m  for  a 
t y p i c a l  t h e o r e t i c a l  r u n  assuming t h a t  t h e  f l o w  is e n t i r e l y  i n e r t .  
The r e g i o n  which is mapped is bounded by t h e  l e a d i n g  s h o c k  wave, 
t h e  r e f l e c t e d  shock  wave and t h e  " e x p l o s i o n  l i n e " .  The l o c u s  of 
t h e  " e x p l o s i o n  l i n e "  i n  t h i s  f i g u r e  w a s  d e t e r m i n e d  by  assuming 
t h a t  t he  f r a c t i o n  of t h e  d e l a y  t l m e  t o  e x p l o s i o n  which h a s  been  
u s e d  a t  e a c h  i n s t a n t  a l o n g  each s e p a r a t e  p a r t i c l e  p a t h  may be  
c a l c u l a t e d  u s i n g  t h e  r e l a t i o n .  

-k d u r i n g  c ~ n v e r g e n c e ~ ~ .  F i g u r e  10 c o n t a i n s  i s o - t e m p e r a t u r e  

df = -  dt 
L-  0, P) 

where 

With t h i s  model t h e  p o i n t s  a t  which 

o n  e a c h  p a r t i c l e  p a t h  d e s c r i b e  t h e  l o c u s  of  t h e  e x p l o s i o n  l i n e .  
T h i s  approach  assumes  t h a t  t he  r e a c t i o n  is t h e r m a l l y  n e u t r a l  
d u r i n g  t h e  i n d u c t i o n  p e r i o d  and  t h e r e f o r e  t h a t  t h e  r e a c t i o n  d o e s  
n o t  i n t e r a c t  w i t h  t h e  f l o w .  Fur the rmore ,  a s  p r e s e n t l y  c o n s t r u c t e d ,  
t h e  model o n l y  a l l o w s  one  t o  p r e d i c t  t h e  l o c a t i o n  of t h e  minimum 
time i n  t h e  e x p l o s i o n  l i n e  l o c u s  o n  a n  ( x , t )  p l o t  s i n c e  t h e  e f f e c t  
o f  h e a t  r e l e a s e  d u r i n g  t h e  e x p l o s i o n  is no t  i n c l u d e d  i n  t h e  model.  
R e f e r e n c e  57 c o n t a i n s  a more comple t e  d i s c u s s i o n  of t h i s  t e c h n i q u e .  

To tliis a u t h o r ' s  knowledge t h e  t h i r d  p o s s i b l e  non-s teady  t e c h n i q u e  
h a s  n o t  y e t  been  a p p l i e d  t o  t h e  s t u d y  of r e a c t i o n  k i n e t i c s  i n  
e x o t h e r m i c  s y s t e m s .  I t  is a n  i n c i d e n t  t e c h n i q u e  which i n v o l v e s  t h e  
u s e  of a b a l l  v a l v e  whose i n t e r n a l  b o r e  is e x a c t l y  e q u a l  t,o t h e  
d i a m e t e r  of t h e  shock  t u b e .  T h i s  t y p e  of b a l l  v a l v e  s h o c k  t u b e  h a s  
been  used  i n  t h e  s t u d y  o f  endo the rmic  sys t ems lo l  and  t o  p r e v e n t  
p r e m a t u r e  e x p l o s i o n s  i n  r e f l e c t e d  shock  s t u d i e s 5 4 .  
i n i t i a l  p r e s s u r e  were a d j u s t e d  e x t e r n a l l y  b e f o r e  o p e n i n g  t h e  
v a l v e  and i f  t h e  shock  t u b e  were o p e r a t e d  v e r t i c a l l y ,  d e n s i t y  
s e p a r a t i o n  of a n  i n e r t  g a s  n e a r  t h e  d iaphragm and  t h e  e x p l o s i o n  
m i x t u r e  downstream c o u l d  be  m a i n t a i n e d  u n t i l  a w e l l  fo rmed 
i n c i d e n t  shock  wave p a s s e s  t he  l o c a t i o n  of  t h e  b a l l  v a l v e .  
O b s e r v a t i o n  a t  a number of  window s t a t i o n s  downstream of  t h e  v a l v e  
would t h e n  a l low r e a c t i o n  k i n e t i c  s t u d i e s  t o  be s t u d i e d  e v e n  though 
t h e  flow was non-s teady .  T h i s  t e c h n i q u e  h a s .  t w o .  a d v a n t a g e s  r e l a t i v e  . 
t o  t h e  c o n v e r g i n g  c h a n n e l  t e c h n i q u e  i n  t h a t  b o t h  t he  c o n s t r u c t i o n  
of t h e  a p p a r a t u s  and  t h e  c a l c u l a t i o n  o f  t h e  f l o w  would b e  s i m p l e r .  
A s i m p l e r  c a l c u l a t i o n  of  t h e  f low may be  made b e c a u s e . o n e  may assume 
t h e  f l o w  i n  t h e  r e a c t i v e '  m i x t u r e  t o  b e  pseudo s teady  u n t i l  a n  

If t h e  
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a p p r e c i a b l e  amount of c h e m i c a l  r e a c t i o n  h a s  o c c u r r e d .  T h i s  t e c h n i q u e  
a l s o  h a s  a n  advan tage  o v e r  t h e  r e f l e c t e d  shock  t e c h n i q u e  f o r  t h o s e  
cases where t h e  s y s t e m  t o  be  s t u d i e d  c a n n o t  be  d i l u t e d  t o  r e p r e s s  b i -  
f u r c a t i o n .  T h i s  is b e c a u s e ,  i n  t h e  b a l l  v a l v e  t e c h n i q u e  o n l y  s i m p l e  
boundary layer g rowth  c a n  o c c u r  t o  p e r t u r b  t h e  i n c i d e n t  f l o w .  

The f o u r t h  p o s s i b l e  t e c h n i q u e  i n v o l v e s  d i r e c t  e x p a n s i o n  o f  a n  i n c i d e n t  
shock  wave t h r o u g h  a s u i t a b l y  i n s t r u m e n t e d  two-dime s i o n a l  n o z z l e .  
T h i s  t e c h n i q u e  has b e e n  d e s c r i b e d  by White  and  Gary'? and h a s  been d i s -  
c u s s e d  i n  S e c t i o n  IVa. 

b. The Tube Diamete r  C r i t e r i o n  

Even i n  c i r c u m s t a n c e s  where  i n c i d e n t  shock  wave s t u d i e s  are a l l o w a b l e  
o n  t h e  b a s i s  of t h e  C J  c r i t e r i o n ,  t r a n s v e r s e  i n s t a b i l i t i e s  may appea r  
d u r i n g  a n  e x p e r i m e n t .  T h i s  t y p e  of b e h a v i o r  h a s  been  r e p o r t e d  by 
S c h o t t l l o ,  S c h o t t  and B i r d l l l  and Hawthorne l l2  and is i m p o r t a n t  t o  
t h e  k i n e t i c i s t  b e c a u s e  it c a n  produce  s t a t e  v a r i a b l e  f l u c t u a t i o n s  
a c r o s s  t h e  t u b e  which  may be  m i s i n t e r p r e t e d  i f  t h e  u s u a l  one- 
d i m e n s i o n a l  a s s u m p t i o n s  are u s e d  i n  r e d u c i n g  t h e  d a t a .  

S c h o t t l l O  has  shown that  i n  ace ty l ene -oxygen  m i x t u r e s  d i l u t e d  w i t h  97.5 
p e r c e n t  a r g o n , t h i s  t y p e  o f  i n s t a b i l i t y  b e h a v i o r  p roduces  s o o t  t r a c k  
w r i t i n g s  which a r e  e q u i v a l e n t  t o  t h o s e  o b t a i n e d  when a s e l f - s u s t a i n i n g  
d e t o n a t i o n  p r o p a g a t e s  o v e r  a smoked f o i l .  T h i s  e x p e r i m e n t a l  ev idence  
i m p l i e s  t h a t  t h e  t r a n s v e r s e  i n s t a b i l i t i e s  o b s e r v e d  i n  r e a c t i o n  k i n e t i c  
s t u d i e s  i n  t h e  s h o c k  t u b e  a r e  of t h e  same t y p e  a s  t h o s e  observed42 on 
p r o p a g a t i n g  d e t o n a t i o n s .  T h i s  is r e a l l y  not  v e r y  s u r p r i s i n g  s i n c e  t h e  
t h e o r e t i c a l  r e s u l t s  d i s c u s s e d  i n  S e c t i o n  a show t h a t  d e t o n a t i o n  p e r  se 
is n o t  n e c e s s a r y  for t he  a p p e a r a n c e  of t r a n s v e r s e  i n s t a b i l i t i e s . -  - 
It  is a l s o  known t h a t  a l l  s e l f - s u s t a i n i n g  d e t o n a t i o n s  e x h i b i t  a t r a n s -  
v e r s e  wave s p a c i n g  which  is  r o u g h l y  p r o p o r t i o n a l  t o  t h e  " t h i c k n e s s "  of 
t h e  d e t o n a t i o n s  r e a c t i o n  z o n e .  Thus, t h e o r e t i c a l  p r e d i c t i o n s  and 
e x p e r i m e n t a l  o b s e r v a t i o n s  b o t h  l e a d  t o  t h e  c o n c l u s i o n  t h a t  t h e  t r a n s -  
v e r s e  s t r u c t u r e  a s s o c i a t e d  w i t h  a n  exo the rmic  r e a c t i o n  zone  t r i g g e r e d  
by shock  p a s s a g e  s h o u l d  e x h i b i t  a c h a r a c t e r i s t i c  s p a c i n g  which is 
r o u g h l y  p - o p o r t i o n a l  t o  t h e  r e a c t i o n  zone  t h i c k n e s s .  

One more e x p e r i m e n t a l  o b s e r v a t i o n  must be  ment ioned  b e f o r e  w e  may 
p r e s e n t  a c r i t e r i o n  f o r  t h e  o c c u r r e n c e  of t r a n s v e r s e  wave i n s t a b i l i t y  
i n  a r e a c t i v e  shock  wave p r o p a g a t i n g  i n  a s p e c i f i c  c h a n n e l .  Both 
Manson43 and Fay44 have  shown t h a t  t r a n s v e r s e  s t r u c t u r e  f a i l s  t o  
c o u p l e  w i t h  t r a n s v e r s e  a c o u s t i c  modes o f  t h e  t u b e  when t h e  p r e f e r r e d  
t r a n s v e r s e  s p a c i n g  a t  t he  f r o n t  becomes somewhat l a r g e r  t h a n  t h e  
ma jo r  t r a n s v e r s e  d i m e n s i o n  of t h e  t u b e .  Thus  it a p p e a r s  t h a t  t h i s  
t y p e  of re sonance  must be p o s s i b l e  b e f o r e  t r a n s v e r s e  i n s t a b i l i t i e s  
w i l l  a p p e a r .  

U n f o r t u n a t e l y ,  a t  the p r e s e n t  t i m e ,  t h e  r e l a t i o n  between t h e  
r e a c t i o n  zone  t h i c k n e s s  and t h e  c h a r a c t e r i s t i c  c e l l  s i z e  o f  t h e  
s t r u c t u r e  is not known e x c e p t  f o r  a f e w  s y s t e m s  and t h e n  o n l y  i n  a n  
e m p i r i c a l  manner. T h e r e f o r e ,  a t  t h e  p r e s e n t  t i m e ,  t h e  " t u b e  d i ame te r "  
c r i t e r i o n  for. t h e  o c c u r r e n c e  o f  t r a n s v e r s e  i n s t a b i l i t i e s  i n  a s t e a d y  
i n c i d e n t  shock  wave e x p e r i m e n t  must be  s t a t e d  a s  f o l l o w s :  T r a n s v e r s e  
i n s t a b i l i t y  may o c c u r  i n  a s t e a d y  shock  wave f o l l o w e d  by exo the rmic  
r e a c t i o n  o n l y  i f  t h e  b u l k  of t h e  e x o t h e r m i c  p r o c e s s  o c c u r s  a s  c l o s e  
t o  t h e  shock  wave a s  t h e  m a j o r  t r a n s v e r s e  d imens ion  o f  t h e  t u b e .  
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T h i s  c r i t e r i o n  c o r r e c t l y  p r e d i c t s  t h e  o c c u r r e n c e  of  t h e  c u r r e n t l y  
observed  t r a n s v e r s e  i n s t a b i l i t i e s  d u r i n g  i n c i d e n t  shock  r e a c t i o n  
k i n e t i c  s t u d i e s  i n  a shock  t u b e .  More q u a n t i t a t i v e  i n f o r m a t i o n  On 
t h i s  s u b '  c t  is  a v a i l a b l e  i n  S c h o t t ' s  r e p o r t  i n  t h i s  symposium 
volume. 135 

S UhfMA RY 

D e t o n a t i o n s  i n  premixed g a s e s  c o n t a i n  a v e r y  complex i n t e r n a l  wave  
s t r u c t u r e  which is r e l a t e d  t o  t h e  exo the rmic  chemica l  r e a c t i o n s  occur-  
r i n g  behind  t h e  l e a d i n g  waves. T h i s  s t r u c t u r e  n e g a t e s  many o f  t h e  
c l a s s i c a l  one-d imens iona l  a rguments  c o n c e r n i n g  d e t o n a t i o n  and t h e  f u l l  
r e a s o n s  f o r  i t s  e x i s t e n c e  and form are no t  u n d e r s t o o d  a t  t h e  p r e s e n t  
time. The mechanism of s e l f - s u s t e n a n c e  of a p r o p a g a t i n g  d e t o n a t i o n  i s  
a l s o  open t o  q u e s t i o n  a t  t h e  p r e s e n t  time. The s i t u a t i o n  is  not  hope- . 
l e s s ,  however, because  i t  a p p e a r s  t h a t  t h e  a p p l i c a t i o n  of  t h e  p r i n c i p l e s  
of non-s teady  r e a c t i v e  g a s  dynamics ( i n  which a l l  s h o c k s  a r e  c o n s i d e r e d  
t o  be i n f i n i t e l y  t h i n  n o n - r e a c t i v e  d i s c o n t i n u i t i e s  i n  t h e  f low)  w i l l  
e v e n t u a l l y  a l low a comple t e  d e s c r i p t i o n  of t h e  s t r u c t u r e  f rom f i r s t  
p r i n c i p l e s .  

The d i s c u s s i o n  of shock  t u b e  hydrodynamics i n d i c a t e s  t h a t  w h i l e  t h e  
shock  t u b e  i s  a n  e x t r e m e l y  u s e f u l  a p p a r a t u s  f o r  h i g h  t e m p e r a t u r e  g a s  
phase  r e a c t i o n  k i n e t i c  s t u d i e s ,  i t  h a s  its l i m i t a t i o n s .  These  are 
p r i m a r i l y  caused  by g a s  dynamic n o n - i d e a l i t i e s  due  t o  boundary l a y e r  
growth and t o  t h e  i n t e r a c t i o n  of t h e  c h e m i s t r y  and t h e  f low.  The 
i m p l i c a t i o n  of t h i s  s e c t i o n  is  t h a t  a good k i n e t i c  rate measurement 
may be o b t a i n e d  from a shock  t u b e  expe r imen t  o n l y  i f  t h e  f u l l  c o n t r i -  
b u t i o n  of t h e s e  n o n - i d e a l i t i e s  a r e  c o n s i d e r e d .  
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